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ABSTRACT
Two types of viscoelastic (VE) seismic dampers for building structures, the VE diagonal damper
and the VE passive mass damper, are studied in this thesis. The thesis reviews the relevant
theoretical considerations in earthquake engineering and discusses the properties of VE materials
important in damper design. It presents analytical equations for determining the damping added
for each system. Finite element modelling of each system is used to determine the effectiveness
of the dampers at reducing the seismic response of a prototype frame structure. Current design
methods are reviewed, where possible. The effects of variation in the important design
parameters are studied. For the VE diagonal dampers, these parameters include the stiffness
of the supporting brace and the thickness of the VE material, whereas for the VE passive mass
dampers, they included the damper mass, the number of dampers and the tuning frequency of
the dampers. A method for designing a system of VE diagonal dampers is presented which uses
the mass-normalized mode shapes to simplify previous methods. Stability problems in low
frequency VE passive mass dampers are discussed and the feasibility of constructing them is
considered. Several alternative designs and approaches are presented to deal with the problems.
It is concluded that both VE diagonal dampers and VE passive mass dampers were effective at
reducing the seismic response of the prototype. The mass dampers were somewhat better at
reducing the base shear and moment response. Mass dampers also appeared to have some
advantages in design, including greater versatility, and better economy in the use of VE material.
CHAPTER 1
INTRODUCTION
Structures designed for seismic conditions have traditionally relied on the strength, stiffness
and ductility of the main structural members to resist the forces exerted on them. Current seismic
design codes reflect this by considering the energy dissipation capacity of structural systems in
reducing the overall seismic design forces for a structure. Even at levels of response where the
structure behaves elastically, some degree of energy dissipation is present. This is usually
referred to as structural damping. Recent research has focussed on the advantages of adding·
devices to a structure which can supplement the damping capacity at response levels below the
yield limit. These systems improve the structure's response during light to moderate earthquakes,
reducing the non-structural damage and occupant discomfort. In addition, these systems can
increase the level of ground motion input required to cause significant inelastic deformation in the
structure during more severe earthquakes, thus reducing the amount of structural damage. The
purpose of this research is to further investigate the effectiveness of supplemental damping
systems for controlling response to moderate earthquakes. The objectives and scope of this
research are described below.
1.1 OBJECTIVES
Although many types of supplemental- damping systems exist, it is the purpose of this
research to investigate and compare just two of them: the Viscoelastic (VE) Diagonal Damper
and the Viscoelastic Passive Mass Damper. Both of the systems considered utilize the unique
properties of viscoelastic materials to dissipate energy and produce relatively large damping in
the structure. This research considers analytical approaches for determining the effectiveness
of these dampers and how to practically design them. Analytical studies are presented to
2
demonstrate the effect of several design parameters on the final response.
The specific objectives of this research are as follows:
(1) Determine the effectiveness of VE dampers - Various systems using each type of damper
will be designed and applied to a prototype structure to determine their effectiveness at
reducing response.
(2) Investigate the effect of various design parameters - As mentioned, various systems of
each type of damper will be analyzed in an attempt to determine the relative importance
of each design parameter. The intention here is to develop practical approaches to design
which can be applied by designers.
(3) earchers - Of particular interest are the findings of
Zhang, Soong and Mahmoodi (1989) and Villaverde (1985). The first concerns the design
of VE diagonal dampers, the second the design of VE passive mass dampers. These
findings will be discussed in detail later in this report.
1.2 SCOPE
The following limitations apply to this research:
(1) The analytical studies consider only linear structural models. In general, thi;; is acceptable
due to the nature of the problem. It is assumed from the start that the primary benefit of
VE damping systems is in reducing the response of structures subjected to moderate
earthquakes which do not cause inelastic deformation. Future research should investigate
the behavior of these damping systems when the structure does experience significant
inelastic deformation.
(2) The analytical study uses modal analysis to determine the maximum response. The
accuracy of modal analysis for a damped structure depends on the damping matrix being
mass and stiffness proportional. This is not the case for most structures, but is often
assumed to be so. Villaverde (1985) has addressed this topic, and this limitation is
3
discussed in Chapter 3.
(3) The analytical study also uses response spectra to determine the maximum response. The
~esponse spectra are based on the EI Centro earthquake of 1940. It is best when studying
the response of a structure, to consider many earthquakes, or a whole family of various
earthquakes at varying intensities. This research focusses on variations in damper design
rather than on variations in earthquake input, and thus there is the possibility that the
results are dependent on the loading, not just on the systems considered.
(4) The viscoelastic material properJies considered in the studies are based on those used by
other researchers, not on independent test information. In the course of this research,
many areas of uncertainty with regard to the material properties came up which could have
been addressed if a study of the material had also been conducted.
4
CHAPTER 2
BACKGROUND
This chapter summarizes previous research related to viscoelastic supplemental damping
systems. Some of this research is discussed further in following chapters. The following sections
provide an overview of supplemental damping systems, diagonal damping systems, mass
damping systems and viscoelastic materials.
2.1 SUPPLEMENTAL DAMPING SYSTEMS OVERVIEW
As mentioned previously, during a severe earthquake, a structure designed according to
traditional seismic design will inelastically deform, and in this way will dissipate the energy applied
to it by the earthquake. In smaller earthquakes, even though the behavior of the structure
remains elastic, a certain level of energy dissipation also exists. This energy dissipation is
usually attributed to "structural damping" and is caused by, among other things, friction,
interaction with "non-structural" systems and material imperfections in the structure.
Recent research has focussed on ways to supplement the damping capacity of earthquake
resistant structures. The reason for this is that frequent, moderate earthquake shaking often
causes substantial nonstructural damage to buildings. Structures with increased damping will
experience decreased elastic response during an earthquake. This reduced response results in
less nonstructural damage and occupant discomfort.
The purpose of this chapter is to review the work done in these areas by previous
researchers. As indicated in the introduction, the focus of this research is on two supplemental
damping systems which use viscoelastic materials to achieve high levels of damping. The
systems considered here are passive systems, as opposed to active systems.· Active damping
systems vary from passive systems in that they are controlled or modified during the course of
5
an earthquake. An example of an active SY7 would be any system which uses force actuators
to attempt to control the earthquake ~nse.
Some of the various approaches to passive damping are: (1) base isolation, (2) interstory
shear dampers and (3) tuned/passive mass dampers. Only the last two will be considered in this
research.
2.2 DIAGONAL BRACE DAMPING SYSTEMS
Diagonal brace damping systems, such as the VE diagonal damper, fall into the broad
category of interstory shear dampers (ISO's). Interstory shear damping devices are usually
installed in a brace which extends between the floors of a building such that the deformation of
the device is proportional to the relative displacement between the floors (i.e. the interstory drift).
Studies of three types of interstory shear damping devices have been reported in the literature:
(1 ) viscoelastic dampers, (2) friction dampers and (3) hysteretic/yielding dampers. Only the first
of these are discussed here.
The use of viscoelastic dampers to reduce wind response in buildings has been studied
and implemented in practice. Keel and Mahmoodi (1986) and Mahmoodi and Keel (1986) studied
their application in the World Trade Center of New York City and found them to be effective in
reducing wind response.
More recent research has concentrated on the application of VE diagonal dampers to
seismic conditions. Most notably, Zhang, Soong and Mahmoodi (1989) presented a method for
analyzing a system of these dampers and the results of an analytical study of a ten story steel
frame structure. They determined the VE diagonal damper to be effective in reducing floor
J
displacements and interstory drifts resulting from seismic loadings. This particular paper is
discussed in detail later in this research, as it is the basis of the analytical methods used her~,
and an attempt was made to correlate this research against it.
Aiken and Kelly (1990) performed extensive research on VE diagonal dampers and
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compared their effectiveness with that of diagonal friction dampers for reducing the response of
a steel frame structure. Their research included both analytical and experimental work using an
earthquake simulator. They found that viscous damping provides an accurate representation for
the energy dissipation characteristics of VE dampers, and, therefore, used viscous damping within
a linear elastic analysis approach. Their analytical results produced good correlation with their
expe~imental results, such that displacements and story shears typically were within 10%. They
conclude that the VE dampers can reduce the drift of a moment resisting frame by as much as
50% without significantly increasing the base shear demand or floor accelerations
Aiken and Kelly (1990) note in their conclusions that their design of VE damp~rs did not
address the stiffness of the structure. As is shown later in this research, this is an issue of
importance in design. They also conclude that the effects of temperature on VE dampers is likely
to produce only small changes in overall response, and as a result, temperature effects were not
included in the design process presented.
As a final note on their work, Aiken and Kelly (1990) also indicated that there are two
important issues involved in the application of viscoelastic damping to seismic rather than wind
loads: (1) significantly higher levels of damping are needed to be effective against seismic
loading, and (2) the damper must undergo significantly larger deformations during severe seismic
response.
In another study, Aiken, Kelly and Mahmoodi (1990) performed earthquake simulator tests
on a large-scale model using diagonal type VE dampers. They varied the vibrations to consider
white-noise excitation, harmonic excitation and various actual earthquakes. These tests further
demonstrated the effectiveness of adding energy dissipation with VE dampers. It was found that
the VE dampers supplement the structure's damping at all levels of excitation as opposed to
friction or inelastic deformation dampers, for which damping increases with the level of response.
The analyses showed that 20% added damping was optimum and that the results of temperature
changes in the dampers were small and could be disregarded as insignificant.
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Zhang and Soong (1992) most recently discussed the use of VE diagonal dampers as part
of asystem to control the structure's seismic response. They attempted to formulate asystematic
design method for determining the optimal placement of the dampers and the optimal volume of
material necessary for a particular structure. They use both analytical and experimental results
to verify the design methods they present.
2.3 MASS DAMPING SYSTEMS
The effect of an attached, tuned mass-spring device in controlling the vibrations of a
primary system is well known. The effectiveness of these damping devices under various load
conditions has been reported by many researchers. Devices that are not damped and are tuned
to one particular forcing function frequency are termed "dynamic absorbers". Devices that are
damped are often termed "damped absorbers", or "auxiliary mass dampers". A single auxiliary
mass damper tuned to a building structure's fundamental frequency is termed a "tuned mass
damper". It is worth noting that the use of these terms in the literature is rather inconsistent. The
term "passive mass damping" will be used in this research to refer to one or more auxiliary mass
dampers with high damping installed on a structure to reduce seismic response.
McNamara (1977) discusses the use of tuned mass dampers for controlling the response
of buildings subjected to wind loads. Analytical. approaches for estimating the effectiveness of
the tuned mass dampers and the results of analytical and experimental studies are presented.
It is concluded that they considerably reduce the wind induced structural response. Other
investigators have obtained similar results, and tuned mass dampers are generally considered
to be effective in this regard.
Kaynia, Veneziano and Biggs (1981) performed a statistical investigation of the effect of
tuned mass dampers on seismjc response using apopulation of real earthquakes, for both elastic
and inelastic systems. For the elastic systems, the intention was to evaluate the accuracy of
random vibration-based analytical methods in predicting the behavior and benefits of the damping
8
system.
Among other things, they concluded that increasing the damping inherent in the structure
~-1-0 '.
decreased the damper's efficiency and that the effectiveness of the dampers increased with
increasing generalized mass ratio. They found that increasing the damping of the absorber did
not significantly effect the overall response of the structure, but did reduce the motion of the
damper. Using time-history analysis with actual earthquake ground motions, they found that the
response levels were widely scattered, and that there was therefore much uncertainty as to the
effectiveness of the dampers for individual earthquakes (i.e., that their behavior is dependent to
some degree on the loading function). Overall, they found tuned mass dampers to be less
effective than previously thought, especially for structures that undergo inelastic response.
Wirsching and Campbell (1974) determined optimum parameters for seismic resistant
-tuned mass dampers and found them to be effective in reducing seismic response. Other
researchers who have dealt with this problem have come up with different conclusions, however.
Sladek and Klingner (1983) studied the effectiveness of a tuned mass damper for the seismic
response of a multistory building and found them to be largely ineffective, even though the
damper was designed according to the optimum design criteria of Den Hartog (1956).
Villaverde (1985) studied the effectiveness of "heavily damped" tuned mass dampers and
found them to be effective in reducing seismic response in buildings, although his design
parameters differed from the optimum parameters of Wirsching and Campbell (1974). Villaverde
(1985) also identified several reasons for the apparent disagreement in the results obtained by
researchers on the effectiveness of tuned mass dampers: (1) the results obtained by Sladek and
Klingner (1983) are based on "optimum" tuned mass damper parameters for a structure in which
the forcing function is applied only to the primary structure, while earthquake loading is actually
applied to both the damper and the primary structure; (2) the optimum damper parameters
obtained by Wirsching and Campbell (1974) are based on ,an assumed white noise earthquake
input and consider displacement response in the first mode only, while Villaverde's work used
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recorded earthquake ground motions and was not limited to first mode response; (3) the results
obtained by Kaynia, Veneziano and Biggs (1981) consider dampers with relatively small masses
and damping ratios, much smaller than those used by Villaverde (1985).
Previous investigations have focussed primarily on peak displacement response to
determine th.e damper effectiveness. Other parameters that influence nonstructural damage and
occupant discomfort, such as interstory drift, floor acceleration, etc. should also be considered.
In closing, it should be noted that the Mitsubishi Steel Manufacturing Company of Japan has
recently installed tuned mass dampers in the field, and their studies have shown them to be
effective against seismic loads (Seismic, 1991).
2.4 VISCOELASTIC DAMPERS
The damping devices discussed in this research are based on the properties of viscoelastic
materials. Briefly, these materials exhibit the combined properties of a viscous liquid and an
elastic solid. When subjected to shear, these materials add high levels of damping to the
structure to which they are applied.
To date, the primary use of these materials has been in the diagonal type damper. As
mentioned previously, studies by various researchers have dealt with this subject. This research
extends the application to passive mass dampers. The key aspects of these materials are
addressed in Chapter 3.
10
\CHAPTER 3
ANALYTICAL APPROACHES
The analytical tools used to study the seismic response of the various structural models
considered in this res~arch are presented in this chapter. The primary analytical method is modal
superposition, which is discussed along with response spectrum analysis in the first section. The
second section discusses the cac method, which was used to combine the individual modal
responses. The properties of viscoelastic materials which relate to their use in structural dampers
are presented in the third section. The fourth section presents a discussion of the methods used
to calculate the damping viscoelastic materials provide to the structure. Comments on related
work by Villaverde (1985) and on the use of step-by-step analysis are included. Finally the fifth
section discusses the use of computers in this research. It includes discussion of finite element
modelling and the spreadsheets used to perform the routine calculations.
3.1 MODAL SUPERPOSITION AND RESPONSE SPECTRUM ANALVSIS
The governing equation for a damped, lumped-mass, multi-degree-of-freedom model
subjected to a horizontal ground acceleration is:
[MHO} + [CHU} + [K]{U} = -[MHR}Og(t) = {Pelf}
where: [M] = Structural mass matrix (diagonal)[C] = Structural damping matrix
[K] = Structural stiffness matrix
{U} = Vector of relative nodal displacements
(with respect to the ground)
{U} = Vector of relative nodal velocities
{O} = Vector of relative nodal accelerations
{R} = Vector of rigid body displacements
Og(t) .= Ground acceleration
{Pelf} = Effective force vector
(3.1 )
This type of structure is shown in Figure 3.1. The simplest solution to this equation uses
modal superposition and response spectra to determine the structure's maximum response in
11
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~egrees.of-freedOm (D.C.F.)of each node (typ)w//,I).------6
beams with bending and axial
properties specified
columns with bending and
axial properties specified
W(f-----~'@..-_ mass of structure lumped
1 2 at nodes of model
Figure 3.1: Lumped-Mass, MUlti-Oegree-of-Freedom Structure Model
terms of displacement, story-shear, and story-moment.
Modal superposition uses the structure's natural modes of vibration to perform a
coordinate transformation which uncouples the damped equations of motion and allows a multi-
degree-of-freedom system to be analyzed as the combination of several simple single-degree-of-
freedom systems. The transformation is:
where:
{U} = [<I>]{Z}
{U} = Vector of nodal displacements
[<1>] = Matrix of mode shapes of the structure
{Z} = Vector of modal displacements
(3.2)
The mode shapes are the solutions to the free vibration eigenvalue problem for the
I
undamped structure. The matrix [<1>] is made up of the n eigenvectors such that [<1>] = [{cjJ1} ...{cjJn}],
where n is the number of degrees of freedom in the structure. The squares of the natural
frequencies are the eigenvalues.
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For this research, the mode shapes, {cjln}, and the natural frequencies, COn' were obtained
using FACTS, a finite element analysis package which contains a function specifically for this
purpose. Output from FACTS consists of the structure's natural frequencies, the eigenvalues
(COn2) , the natural periods and the associated mode shapes.
One useful way of presenting mode shapes is in a "mass normalized" form as is done
by FACTS. The mode shapes {cjlnl are mass normalized by diViding them by ({cjlnlT(MHcI>nlt. Two
results of this normalization are as follows:
{cjlnlT[M] {cjlnl
{cjln}T [I<] {cjln} = con2
(3.3a)
(3.3b)
A more thorough discussion of this topic can be found in paz (1991).
The solution to the governing equation is obtained by first applying the coordinate
transformation, and then premultiplying everything in the equation by [<I>f This results in the
following equations:
[M][<I>]{Z} + [C][<I>]{Z} + [I<][<I>]{Z} = -[M]{RlOg(t) (3.4)
[<I>]T[M][<I>]{Z} + [<I>]T[C][<I>]{Z} + [<I>]T[K][<I>]{Z} = -[<I>]T[M]{R}Og(t) (3.5)
The mode shapes are mass and stiffness orthogonal. This results in the following:
{cjln}T[MHcI>m}T = 0
{cjln}T[K]{$m}T = 0
if n '* m
if n'* m
(3.6a)
(3.6b)
In order for the modal equations of motion expressed by equation 3.5 to be uncoupled,
the damping matrix must be mass and stiffness proportional. If this is the case, the mode shapes
are also orthogonal with respect to the damping matrix, and the following results:
if n '* m (3.6c)
As a result, equation 3.5 expresses a set of uncoupled modal equations, which can be
solved independently. Considering the effects of orthogonality, equation 3.5 for mode nbecomes:
{cjlnnM]{cjln}Zn + {cjln}T[CHcI>n}Zn + {cjlnlT[K]{cjln}Zn
= ~{$l[M]{R}Og(t) (3.7)
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Making use of mass-normalized mode shapes, the equation above simplifies to:
(3.8)
The matrix product on the right-hand side of equation 3.8 is called the participation factor,
r n, and is calculated as follows for each mode:
(3.9)
If the mass is equal at each level of the structure and the mass matrix [M] is diagonal,
as is the case for the analytical models described later, the participation factor becomes:
where: = Mass per level in the structure
= Modal displacement at each floor for mode n
(3.10)
If it is assumed that Zn = r n An' where An is a scaled form of the modal displacement,
equation 3.8 simplifies to:
(3.11 )
The solution of this equation for all modes gives the values of~. The scaled modal
displacement vector {A} can then be used as follows:
{U(t)} = [cI>]{Z(t)} = [cI>][r]{A(t)}
{Fs(t)} = [K]{U(t)} = [K] [cI>][r] {A(t)}
= [M][<I>][02][r]{A(t)}
(3.12a)
(3.12b)
where: [r]
[02]
{Fs(t)}
= Diagonalized participation factor matrix
= Diagonalized eigenvalue matrix (natural frequencies squared)
= Vector of equivalent static forces on the lumped masses of the
structure
In response spectrum analysis, the maximum amplitude of response for each mode is
taken from a response spectrum. A response spectrum is a plot of the maximum response
(whether it be displacement, velocity or acceleration), to some specified load function for all
possible single-degree-of-freedom systems. The response values are a function of the natural
frequency and damping ratio of the structure or mode for which they are derived. The response
spectrum concept is used widely in earthquake engineering.
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An earthquake response spectrum usually provides values of spectral displacement, Sd,
spectral pseudo-velocity, Sv, or spectral pseudo-acceleration, Sa. The spectral displacement, is
defined as the maximum displacement of the structure during the earthquake. The spectral
pseudo-velocity, Sv, is equal to Sd times the angular frequency and the spectral pseudo-
acceleration, Sa, is equal to negative Sd times the angular frequency squared. These last two
values are denoted with pseudo- because while they are related to the maximum velocity and
acceleration, they are not equal to them.
The response spectrum values vary depending on the earthquake used to produce the
spectrum. A sample response spectrum, for the north-south ground motion of the EI Centro
earthquake of 1940 is presented in Figure 3.2, along with the EI Centro ground acceleration. For
the current investigation, spreadsheets were set up which calculate the Sd, Sv and Sa values
based on the EI Centro (1940, north-south response) earthquake using an algorithm described
by paz (1991). The spreadsheets take as input the natural frequency of the mode (in rad/sec)
and the damping ratio in decimal form. The Appendix on spreadsheets at the end of the thesis
shows the top portion of this spreadsheet and describes its use.
The maximum response for each mode can be calculated by exchanging the An(t) for the
spectral displacement, Sd. The following equations express the maximum response for mode
}--
n:
{un} = {~n} rnSdn
{Fsn} = [M] {~n} rnSdnffin2
(3.13a)
(3.13b)
The equivalent lateral static force, Fsn, is a force which is considered to be applied to the
lumped masses of the structure. It can be used to calculate the base shear and base moment
at each story. The story base shears are calculated by summing the forces on the floors above
the story base. The story base moments are calculated by taking the moments of these same
forces about the story base. A spreadsheet was used for these calculations in this research. An
example of it is shown in the Appendix.
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(b) EI Centro Response Spectrum for Spectral Pseudo-Velocity
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3.2 MODAL COMBINATIONS
The deflections, shears and moments calculated for each mode are combined to estimate
the maximum response. There are several methods for doing this, among which are the square
root of the sum of the squares (SRSS) method, the sum of the absolute values (SASS) method
and the complete quadratic combination (CaC) method. The SRSS and SASS methods provide
fairly crude values for combined response and have been demonstrated to give inaccurate results
for cases where the natural frequencies of the modes are closely spaced. Neither takes into
consideration the spacing of the modes or the amount of damping each provides.
In order to obtain more accurate results, the cac method is used. This method is based
on the theory of random vibrations and was proposed by Wilson, Der Kiureghian and Sayo (1981)
as a replacement for the SRSS method. The cac method considers the intermodal interaction
due to damping and closely-spaced natural frequencies and, therefore, gives a more accurate
result. This is demonstrated by Wilson, Der Kiureghian and Sayo (1981).
There are two equations necessary for calculating the combination of modal results with
the cac method. They are as follows:
(3.14a)
(3.14b)
In these equations, Ris the response value under consideration, whether it be deflection,
shear or moment, r is the ratio of ID!IDj and ~I and ~I are the damping ratios for modes i and j. A
spreadsheet was set up to obtain the cac combination for the models in this project. A sample
of this spreadsheet appears in the Appendix.
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3.3 VISCOELASTIC MATERIALS
Viscoelastic (VE) materials combine the features of both an elastic solid and a viscous
liquid when they deform. They return to their original shape after being deformed, but dissipate
energy in the form of heat in the process. According to Aiken and Kelly (1990), these materials
have stable dynamic characteristics, are chemically inert, have good aging properties and are
resistant to environmental pollutants. A more detailed presentation of the behavior of these
materials is given by Aiken and Kelly (1990), Zhang, Soong and Mahmoodi (1989) and in a
pamphlet by the 3M Industrial Specialties Divisions (3M Industrial Specialties Division, date
unknown).
For this research, three properties are used to describe the VE materials used for damper
design. These material properties are the shear storage modulus, G', the shear loss modulus,
Gil, and the loss factor, 11. The shear storage modulus describes the material's specific energy
VE mateMI
ED e (a)
ED ED
damper mass
(b)
VE material pads
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Figure 3.3: SUPPLEMENTAL SEISMIC DAMPING SYSTEMS: (a) VE Diagonal
Damper and (b) VE Passive Mass Damper
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storage capacity, that is, its energy storage per unit volume. The shear loss modulus is similar,
but relates the material's specific energy dissipation capacity. G' reflects the material's elastic
behavior, while Gil reflects its viscous behavior. The loss factor, 11, is also referred to as tan fi
and gives the ratio of Gil over G'. Numerical values for the shear storage modulus and the loss
factor can be obtained from nomographs in the manufacturer's literature (e.g., Product
Information: Scotchdamp Vibration Control System, 3M Industrial Specialties Division, date
unknown).
One of the problems associated with the application of these materials to structural
dampers is that these properties vary with frequency of loading, ambient temperature and degree
of strain. According to Aiken and Kelly (1990), the variation of Gil and G' with temperature,
frequency, and strain is the same for different VE materials, therefore indicating that the
relationship for one material can be used to predict the variation for others. They also indicate
that while the variation of the moduli with strain for strains less than 10 % is large, the variation
over the range from 20 to 150% strain is not great and the material can be assumed to be linear.
The variation of these properties with respect to loading frequency and temperature is
addressed by Lin, Liang, Soong and Zhang (1988). It was recognized that the temperature in
a damper depends both on the ambient temperature and the loading of the damper, si~ce the
dampers dissipate energy in the form of heat which changes the damper's internal temperature.
Based on tests they conducted on various dampers, they concluded that the variation in
temperature due to loading becomes negligible after several loading cycles, at which time an
equilibrium temperature is reached between the ambient temperature and the damper. They also
found that the variation of properties with frequency is not serious, since most civil engineering
applications are concerned with low and narrow frequency ranges.
The configuration used for each type of damper considered by this research places the
VE material in direct shear (see Figure 3.3). Zhang, Soong and Mahmoodi (1989) calculate the
. .
energy dissipated by a volume of VE material, subjected to a shear deformation, as:
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Ed = 1t YGil V (3.15)
In this equation, V is the volume of VE material and 'Y is the shear strain which can be
replaced by the damper deformation, u, divided by the thickness of the damper, t:
Ed = 1t (ult)2 Gil V (3.16a)
Ed = 1t (u2/t) Gil A (3.16b)
In this equation, A is the cross-sectional area of the damper in the plane of the shear
loading. This equation can be expanded to consider multiple dampers by taking the sum of the
damper deformations, as indicated by Zhang, Soong and Mahmoodi (1989).
The shear stiffness of the viscoelastic dampers considered in this research are calculated
as:
~ = (G' A) / t (3.17a)
Equation 3.17a was recently used by Zhang and Soong (1992) and is a departure from
that used previously by Zhang, Soong and Mahmoodi (1989):
k = [(G,2 + G"2) A] / t (3.17b)
Equation 3.17b gives the maximum force in the damper per unit amplitude of a harmonic
displacement. However, the stiffness coefficient given by equation 3.17a gives the force in the
damper at maximum displacement, per unit amplitude of displacement.
It should be emphasized that the equations given here are based on dampers which are
deformed in a shear mode rather than a tensile/compressive or flexural mode. It will be
emphasized throughout this report that care should therefore be taken in the design of a damper
unit to ensure that the dampers will be loaded in shear. Although these other modes may also
dissipate energy and produce damping, the amounts will not be the same as for the shear mode,
and the accuracy of these methods will be questionable.
Based on the preceding discussion, further research is still needed in the following areas
relating to the design of viscoelastic structural dampers:
(1) What is the allowable shear strain? (Previous researchers indicate 100% shear, but this
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seems to be an assumption and somewhat arbitrary.)
(2) What are the stiffness and damping properties for tension and bending of a VE material
and could they be used in the design of damper systems?
Another area of VE material properties which must be investigated concerns the second
type of damper studied in this research. In a passive mass damper, the weight of the damper
is supported on a pad of VE material. The behavior of this material under this compressive
loading, combined with the shearing produced by the damper action raises the following
additional questions:
(3) What is the allowable compressive stress in a volume of VE material?
(4) What effect does a compressive loading have on the energy dissipation properties of a
VE material when the compression is applied normal to the direction of the shear force?
(5) What effect does a compressive loading have on the stiffness of a VE material when the
compression is applied normal to the direction of the shear force?
Additionally, work needs to be done to help in the selection of material properties from
the literature produced by the manufacturers. Research performed by Lin, Liang, Soong and
Zhang (1988) and by Aiken and Kelly (1990) use damper properties obtained from experimental
data, rather than from manufacturer's literature. The type of material used in their research is
not mentioned in their reports. Designers must rely on the literature, and the correlation between
the properties obtained from experiments and the properties published by the manufacturer
should be investigated.
3.4 DAMPING CALCULAliONS
The equivalent viscous damping ota system is calculated by the following equation from
Clough and Renzien (1975):
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(3.18)
This equation assumes that the structure's behavior is linear and that there is no inelastic
deformation. For structures that include VE damping, Ed,n is the energy dissipated over one cycle
by the dampers in the structure for mode n. The calculation of Ed,n for each type of damper
considered in this research will be discussed in the following sections. The equations which will
be presented assume that G' and Gil are constant with temperature and frequency and that the
strain is in the range of 20 to 150%.
Ems,n is the maximum strain energy of the system for mode n, and is a function of the
structure's deformed shape. It is calculated as follows:
(3.19a)
{un} is the vector of the structure's maximum displacement in mode n and is equal to {~n}
Sdnr nas shown in Equation 3.13a. Considering this, Equation 3.19a becomes:
(3.19b)
Mass normalization allows this to be simplified further by allowing the matrix product to
be replaced with the natural frequency squared, as shown in Equation 3.3b. The final equation
for the maximum strain energy is:
(3.19c)
This simplification of Equation 3.19a offers agreat advantage over the method presented
by Zhang, Soong and Mahmoodi (1989), as it removes the necessity of performing matrix
calculations, substituting instead a simple product. Note that this substitution is only true when
the mode shapes have been mass normalized.
3.4.1 Damping Calculations For Viscoelastic Diagonal Dampers
The equation for the energy dissipated by a series of diagonal dampers over one cycle
in one mode is:
E = rtG"A L(U 2ft)d,n d,n
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(3.20)
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Figure 3.4: Diagonal Deformations for VE Diagonal Damping Calculations
in which the summation is over the dampers included in the structure and ud,n is the shear
deformation of each individual damper in mode n. The form of the equation given here assumes
that Gil and A are constants throughout the structure, and that the thickness is variable from
damper to damper. For a structure where the dampers have a uniform thickness, t in the
summation can be moved outside.
The shear deformation of the damper, ud,n' is directly proportional to the 'elongation of the
diagonals of the structure, uo,n' so that:
(3.21 )
where ~ is the proportionality constant. .
Based on this equation, the elongation of the structure's diagonals must first be
calculated in order to obtain the damper deformation. The calculation of the diagonal elongation
begins with the assumption that the angle changes in the structure will be small. Figure 3.4
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shows a section of the structure and illustrates how the nodal movement is related to the
elongation of the diagonal.
The structures considered in this research were modelled so that the nodes have
freedom to rotate and move in the vertical direction, as well as the horizontal. Modelling the
structures this way accounts for the flexibility of the beams as well as the columns, as opposed
to the shear building model, which considers only the columns. These models are closer to real
structures than shear building models.
If the vertical displacements of the nodes are included in the calculation of uo,n' the
following equations result:
uo,n = (cos a)(~>G - ~XI'l) - (sin a)(~YI + ~Yl-l)
uo,n = [cos a(~x,1 - ~x,l.l) - sin a(~Y,1 + ~YJ1)1 Sdnrn
(3.22a)
(3.22b)
(3.22c)
The terms used in these equations are defined in Figure 3.4. To simplify these
equations, the vertical terms can be neglected and the equations above simplified to the
following:
uo,n = (cos a)(~xl - ~XI'l) (3.23a)
uo,n = cos a(~x,1 - ~XJ1) Sdnrn (3.23b)
"
uo,n = ~6,nSdnrn (3.23c)
Based on information in Zhang and Soong (1992), this second method seems to be what
Zhang, Soong and Mahmoodi (1989) used. The proportionality constant, ~, in equation 3.21 is
equal to the ratio of the total axial stiffness of the overall diagonal damper unit, over the damper
material shear stiffness. This factor takes into account the fact that the overall diagonal damper
units consist of both a damper made from viscoelastic material and some sort of support device,
usually steel braces. Since the arrangement is usually a series combination of components, the
relationship between the individual component stiffnesses and deflections is as follows:
(3.24a)
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ud= (~ota/l\t) Uo = ~ Uo (3.24b)
In this equation, ~, I\t and ~otal are, respectively, the brace stiffness, the VE material
shear stiffness, and the stiffness of the overall diagonal damper unit. The last equation defines
the ~ factor, used in Equation 3.21. The overall diagonal stiffness, ~otal' for the configuration
shown is:
1/~otal = 1/kb + 1~ (3.25)
The importance of considering the relative stiffness of the various components in a
viscoelastic diagonal damper will be discussed in depth in chapter 5.
Applying Equations 3.21 and 3.23c for damper elongation to Equation 3.20, for the
energy dissipated by the dampers, results in the following equation:
Ed,n = 1t Gil A Sdn2 rn2 L((~ ~5,i It) (3.26)
The damping in the structure is arrived at by substituting this equation for Ed,n and the
previous equation for Ems,n (Equation 3.19c) into the equation for damping (Equation 3.18) given
previously and simplifying.
~n = (Gil A1(2 Ciln2)) L((~ ~5,il t) (3.27)
The mode shapes and natural frequencies needed for use in these equations were
calculated by FACTS. Since the calculations for damping involve the use of constants and the
summation of modal deformations, a number of spreadsheets were set up. Examples of these
spreadsheets and general instructions regarding their use are given in the Appendix.
3.4.2 Damping Calculations For Viscoelastic Passive Mass Dampers
Calculation of the damping for a viscoelastic passive mass damper is very similar to the
calculation for a diagonal damper. Instead of diagonal elongation providing the damper
deformation, it is provided by the relative motion-between a floor in the structure and the mass
of the passive mass damper attached to it. Figure 3.5 shows this type of damper and its position
on a simplified structure.
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As before, the basic equation for energy dissipated by a set of dampers for one mode
is:
(3.28)
in which the sum is over the passive dampers included in the structure.
As before, this relative displacement will be derived from the mode shape of the structure.
For passive mass dampers, the damper deformation is defined as:
(3.29)
In this equation, cjlrd,n is the modal quantity for the relative displacement of the mass of
the passive damper and the associated floor. Putting this into the equation for energy dissipated
yields:
(3.30)
This is combined with Equation 3.19c for the maximum strain energy in Equation 3.18
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to derive the equation for damping produced by a passive mass damper:
~n = (G" (Ait) I (2 con2)) L(<!>rd,n2) (3.31)
This equation assumes that Ait is a constant for all of the dampers used in the structure.
Where this is not the case, Ait must be placed in the summation at the end of the equation.
Passive mass dampers are tuned so that their natural frequency closely matches the
natural frequency of the mode of vibration they are designed to control. The natural frequency
to which the passive mass damper is tuned controls the relationship between the mass and
stiffness used in construction of the damper. For a single-degree-of-freedom system, al = kim.
This relationship results in the following equation for the required Ait ratio for the damper in which
md is the mass of the damper and co is the target frequency for tuning:
Ait = md co2 I G' (3.32)
3.4.3 Villaverde's Approach
Damped, multi-degree-of-freedom systems analyzed by modal superposition are usually
assumed to have proportional damping, since this is necessary for the modes to be uncoupled.
In order to make this assumption, the off-diagonal terms of the modal damping matrix, [<I>]T[C][<I>],
are neglected. Although this assumption usually proves to be adequate for structures with "rather
uniform characteristics" (Villaverde, 1980). This assumption can introduce error in the analysis
of some systems, among them systems where there is a large variation in the values along the
diagonal of the mass matrix (Villaverde, 1980). The systems analyzed in this research using
passive mass dampers would be such a system, since the mass of the dampers is anywhere
from 1% to 20% of the individual floor masses.
Systems such as those mentioned above must be analyzed considering the off-diagonal
terms of the damping matrix, that is, by methods used for analysis of systems with non- .
proportional damping. These methods include either a step-by-step analysis of the system or a
complex modal analysis. Villaverde (1980) proposes a simplified version of the complex modal
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analysis, which uses complex modes and response spectra in a way similar to, but more
complicated than, ordinary modal superposition.
,
Since a complex modal analysis is more complicated and less frequently used than
ordinary modal superposition, it would be of great value to determine the degree of error
introduced in the analysis of VE damped structures by using ordinary modal superposition rather
than the complex modal analysis. This can be accomplished by comparing the results obtained
by ordinary modal superposition with those obtained by Villaverde's complex modal analysis or
by a step-by-step analysis. Although this will not be done as part of this research, it should be
addressed by future research.
It should be noted that, in light of the large damping ratios afforded by the use of
viscoelastic passive mass dampers, an error of 20% or less in the estimated damping may be
acceptable. As damping ratios become larger (e.g. greater than 10%), the spectral displacement
values change less with changes in damping. For example, consider the change in displacement
response for damping ratios between 0% and 2% and between 18% and 20%. In both cases,
the difference in the damping ratios is 2%, but the change in spectal displacement over the first
"
range is much greater than over the second. Passive mass dampers push the total damping ratio
into the second range, thus reducing the importance of an error.
One important conclusion of Villaverde (1980) is that a structure with one tuned maSs
damper attached has two modes with frequencies close to the frequency of the damper. These
modes have damping ratios approximately equal to the average of the individual damping ratios
of the building and the damper. Based on this fact he concludes that the addition of dampers
with high individual damping ratios will SUbstantially effect the structure to which they are
attached. This provides a justification for the present research and contradicts the negative
conclusions of other earlier research regarding the effectiveness of passive mass dampers.
This conclusion relates directly to the VE passive mass dampers studied in this research.
The damping of an individual passive mass damper, using VE materials, can be calculated as
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follows:
~ = Ej4nEms
= (n$2Sd2P!G"(Att) /4n(1f2$2Sd2P!k)
= 1h G"/G'
(3.33a)
(3.33b)
(3.33c)
3.4.4 Step-by-step Approach
An alternative to performing either complex or ordinary modal analysis is to perform a
step-by-step integration of the governing equation (Equation 3.1). In order to do this, the mass,
stiffness and damping matrices ([M],[K], and [CD must be determined. The mass matrix is
diagonal and the terms in it are simply the lumped masses of the structure. The stiffness matrix
can be determined with little effort from a finite element model of the structure.
The key matrix that must be determined, and the one which offers the most difficulty, is
the damping matrix, [C]. For structures using VE dampers, this matrix can be assembled in a
way similar to the stiffness matrix.
As discussed previously, the constants G' and Gil reflect, respectively, the elastic and
viscous properties of VE damping materials. The stiffness of an element is expressed as kd=
G'Att. The viscous damping of a VE damping element can be derived as follows:
~ = 1h G"/G' (3.34)
Cd = 2~ffidmd = 2~(~/ffid) (3.35a)
Cd = 2 1/2 (G"/G')(G'(Alt)/ffid) = (G"(Alt))/ffid (3.35b)
While the stiffness coefficient expresses the force per unit deflection of the element, the
damping coefficient expresses the force per unit velocity. The individual Cd values calculated as
shown can be used to assemble a full damping matrix [C].
The main advantages to this approach are that:
(1) The assumption of proportional damping is not necessary. This assumption was the root
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of the problems indicated by Villaverde (1980).
(2) It provides asimple, clear analytical modelling tool, whereby, a model can be constructed
which can then be used to predict the behavior of a structure with VE dampers added.
(3) The simple modal superposition method can be checked and correlated to this model to
predict the cases under which its accuracy is in question. This is perhaps its most
important asset, since astep-by-step analysis is really too cumbersome to use for design
analysis.
The disadvantage of this method is that Cd is frequency dependent. This problem can
be overcome by using a non-linear step-by-step analysis with a fractional derivative model for the.
VE material (Makris and Constantinou, 1991). The step-by-step integration can be carried out
using a variety of numerical methods, such as those presented by Bathe and Wilson (1976). In
order for this method to be used, the assumptions concerning material properties need to be
verified. This is particularly true of the assumption that G" can be used as shown to calculate
Cd' the element damping coefficient.
3.5 COMPUTING SOFTWARE AND APPLICATIONS
The following sections describe the use of computers and software in this research. The
first section gives a brief overview of the finite element modelling and dynamic analysis performed
and the results obtained. The second section briefly describes the use made of spreadsheets
in the calculations that were necessary to reduce the data. Illustrations showing the basic form
of these spreadsheets are presented in the Appendix, so that the results can be followed through
the calculation process.
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3.5.1 Finite Element Modelling
The finite element modelling and dynamic analysis was performed using FACTS, Version
87.1, developed by SSD, Inc. of Berkeley, California. FACTS is a finite element structural
analysis package which can be used to solve for the natural frequencies and mode shapes of a
structure. The output from FACTS was converted from UNIX to DOS and imported to Quattro-
Pro, where the remaining calculations were performed on spreadsheets. All input for the program
is in metric units, in this case meters, kilograms and seconds. Conversions to English units are
made afterwards, if at all.
The basic structure was modelled as will be described in Chapter 4, Prototype Structures.
Two types of elements were used in the finite element modelling. The beams and columns were
modelled as beam-column members: the section properties used in the input are summarized
in Chapter 4. The viscoelastic diagonal dampers and the "spring" characteristics of the mass
dampers were modelled using truss elements. The stiffness of the truss elements was equal to
either the stiffness of the overall diagonal unit including the damper and the brace, in the case
of the diagonal dampers, or the shear stiffness of the viscoelastic pad, in the case of the passive
mass dampers. The properties used in the models are presented in Chapters 5 and 6. For the
truss elements, the stiffness was varied by changing the area and elastic modulus of the member.
The output from FACTS consists of the eigenvalues, natural frequencies and periods of
the structure and the corresponding mode shapes. The mode shapes given included the
horizontal motion of each floor, the vertical motion of each joint and the rotation of each joint.
It should be noted that, due to the symmetric geometry and the slaving of horizontal motion in
each floor (discussed in Chapter 4), the horizontal motion of each end of the floor was the same,
and the vertical motion of the right end of the floor was the negative of that of the left end.
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3.5.2 Spreadsheet Calculations
There were a number of spreadsheets developed to perform the calculations necessary
to get from the mode shape output of FACTS to the final, reduced values shown in the later
chapters of this thesis. Figures showing examples of each spreadsheet used in this research are
presented in the Appendix, along with a brief explanation of their use.
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CHAPTER 4
PROTOTYPE STRUCTURES
There are two similar, but different prototype structures which are considered in this
study. The first structure is the primary prototype, so called because it is used for most of the
analytical work included in this study. The second structure is the secondary prototype, which
is only used for correlation studies with the work of Zhang, Soong and Mahmoodi (1989). The
primary prototype will be described in detail in this chapter; for the secondary prototype, only the
properties which vary from the primary will be detailed.
Table 4.1: Primary Prototype Section Properties and Floor Weight
Floor Girders I Columns I Lumped
Floor
Section Moment Section Area Moment Weight
Name Area of Inertia Name (in2) of Inertia (kips)(AISC) (in2) (in4) (AISC) (in4)
10 W18x96 28.22 1674.7 W14x78 22.94 851.2 45.45
9 W18x96 28.24 1674.7 W14x78 22.94 851.2 45.45
8 W18x96 28.22 1674.7 W14x127 37.33 1476.7 45.45
7 W18x96 28.22 1674.7 W14x127 37.33 1476.7 45.45
6 W18x96 28.22 1674.7 W14x176 51.73 2149.6 45.45
5 W21x127 28.22 3017.2 W14x176 51.73 2149.6 45.45
4 W21x127 28.22 3017.2 W14X219 64.36 2798.2 45.45
3 W21x127 28.22 3017.2 W14x219 64.36 2798.2 45.45
2 W21x127 28.22 3017.2 W14x264 77.63 3526.0 45.45
1 W21x127 28.22 3017.2 W14x264 77.63 3526.0 45.45
4.1 PRIMARY PROTOTYPE DESIGN AND MODELLING
The primary prototype is based on one of the structures studied by Goel and Hansen
(1974). The structure is a ten story, single bay, two-dimensional steel frame, whose beam-
column connections are designed to be moment-resisting. Figure 4.1 shows the dimensions and
configuration of the structure and Table 4.1 summarizes the section properties and floor weights.
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Figure 4.1: BASIC UNDAMPED PROTOTYPE: (a) Structure, and (b) FACTS Model
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The sections and corresponding properties in the table come from the sixth edition of the AISC
Steel Construction Manual and are the same as those given by Goel and Hansen (1974) in their
Table 6, entitled "Structural Properties of Frame U2".
The following modelling assumptions and structural characteristics were considered for
this model and include several that are based on those of Goel and Hansen (1974). Some
additional details were added as necessary.
(1) The prototype structures are unbraced, moment-resisting steel frames with the bases
considered to be fixed. The Young's Modulus of steel, E, is taken to be 200 GPa and
Poison's ratio of steel is taken to be 0.25. The frames are modelled in two-dimensions.
(2) The mass of the structure is considered to be lumped at each floor level, with the mass
per floor equal to 20630 kg. This is equivalent to a weight of 45.45 kips. Only the dead
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weight of the building is considered.
(3) Five degrees of freedom (OOF) were considered for each floor. The first of these is the
horizontal movement of the floor as a whole. The nodes at each end of the floor are
slaved for the horizontal OaF, thus ensuring that the entire floor moves as a unit
horizontally. The other four OaF's are the rotations and vertical movement of each of
the two nodes at the ends of the floor. Note that this model differs from the standard
shear building model because of the inclusion of these rotations and vertical movements.
(4) Damping for the structure without the supplemental dampers is 2 percent of critical.
(5) Mass is defined only for horizontal motion, and therefore, inertial force is defined only for
the horizontal direction. Motion in the vertical direction and rotation do not produce
inertial forces.
(6) The structure is assumed to behave linearly; the material is linear and solution is
formulated in the undeformed geometry of the structure.
'The modelling of this prototype was checked by comparing its natural period with results
given by Goel and Hanson (1974). Their results indicated that the prototype had a period of 1.25
seconds in the first mode. The primary prototype model used in the current study has a first
mode period of 1.2516 seconds, which varies from their result by less than 1.0 %.
The close agreement in first mode periods is one advantage of using the model studied .
by Goel and Hanson (1974) as the primary prototype rather than the structure studied by Zhang,
Soong and Mahmoodi (1989). Even though one goal of this study is to correlate with their
results, Zhang, Soong and Mahmoodi (1989) did not give sufficient information about their
structure to enable good correlation to be obtained. Also, the section properties used by Zhang,
Soong and Mahmoodi (1989) did not match any of the sections found in the last 4 editions of the
AISC Steel Construction Manual. While this is not a problem for the analytical studies" the
opinion was that it would be better to use sections which are or were commercially available.
/"
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4.2 EARTHQUAKE RESPONSE OF THE PRIMARY PROTOTYPE
The primary prototype structure was analyzed using modal superposition and response
spectra to obtain the maximum deflections, interstory drifts, story-base shears and story-base
moments. Using the natural frequencies and assuming 2% damping, the spectral displacements
were calculated for the EI Centro earthquake using the Response Spectrum Spreadsheet (see
Appendix). These spectral displacements were then used to calculate the values listed above.
Modal combinations were made using the cac method.
Table 4.2: Maximum Seismic Response of the Primary Prototype Structure
BDeflections Interstory Story Story(in) Drift Shear Moment(in) (k) (k-ft)
10 7.362 0.553 39.38 472.5
9 7.074 0.785 63.43 1219.9
8 6.621 0.830 76.43 2095.6
7 6.086 0.904 84.67 3030.9
6 5.434 0.799 91.07 3991.5
5 4.799 0.761 99.52 4987.5
4 4.155 0.764 110.25 6053.1
3 3.457 0.804 121.81 7222.6
2 2.614 0.729 131.47 8511.3
1 1.569 0.432 136.11 9902.6
The deflections, interstory drift, story shear and story moments of the structure are shown
in Table 4.2 and illustrated in Figure 4.2. The maximum deflection is at the top floor and is 7.362
inches. The maximum shear of 136.11 kips, and the maximum moment of 9902.6 kiP-f.r
at the base of the structure. The response of the undamped prototype will be used throughout
this research to determine the effectiveness of several viscoelastic damping systems.
The displacement responses for the first four modes are given in Figure 4.3. It should
be noted that the behavior shown in the figure is typical for a structure of this type.
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4.3 SECONDARY PROTOTYPE
A method of analysis for building frames with viscoelastic diagonal dampers was
described by Zhang, Soong and Mahmoodi (1989). Part of this research was to correlate their
results with results that were obtained in this study using their method. The secondary prototype
was based on the structure used by Zhang, Soong and Mahmoodi (1989) to enable this
correlation study. Modelling of the secondary prototype was frustrated by the fact that Zhang,
Soong and Mahmoodi (1989) gave very little information about their modelling assumptions.
They did, however, cite Goel and Hanson (1974) as the original source of their structure with
changes only to some member properties. With this in mind, the section properties given by
Zhang, Soong and Mahmoodi (1989) were used for this model with the modelling assumptions
of Goel and Hanson, as listed previously. These section properties are summarized in Table 4.3.
Table 4.3: Secondary Prototype Section Properties and Floor Weight
Girders I Columns I Lumped
Floor Floor
Level Area Moment Area Moment Weight
(in2) of Inertia (in2) of Inertia (kips)(in4) (in4)
1 28.4 1328 22.8 838 45.45
2 28.4 1328 22.8 838 45.45
3 28.4 1328 37.0 \ 1453 45.45
4 28.4 1328 37.0 1453 45.45
5 28.4 1328 51.8 2138 45.45
6 37.5 3075 51.8 2138 45.45
7 37.4 3075 64.2 2739 45.45
8 37.4 3075 64.2 2739 45.45
9 37.4 3075 76.4 3483 45.45
10 37.4 3075 -..1;..., 76.4 3483 45.45
The secondary prototype was not analyzed as a bare undamped frame because Zhang,
Soong and Mahmoodi (1989) did not publish results for this case and, therefore.. n~ comparison
could be made. The results of the correlation study are presented in Chapter 5.
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CHAPTER 5
INVESTIGATION OF VISCOELASTIC DIAGONAL DAMPERS
The behavior and performance of structures using viscoelastic (VE) diagonal dampers
to reduce seismic response have been the subject of considerable recent research. Zhang,
Soong and Mahmoodi (1989), Aiken and Kelly (1990), Lin, Liang, Soong and Zhang (1991),
Zhang and Soong (1992) and Chang, Soong, Oh and Lai (1992) are among the many who have
investigated this subject. Although the use of VE diagonal dampers for seismic conditions is
currently a research area, they have been proven effective in reducing the response of a structure
subjected to wind loads, most notably in the World Trade Center in New York City. The
performance of this particular case is discussed by Mahmoodi and Keel (1986).
Zhang, Soong and Mahmoodi (1989) present a simple method for analyzing the damping
added to a'structure by viscoelastic diagonal dampers. The method they present uses modal
superposition and the corresponding response spectra amplitudes to obtain the maximum
deflections and forces in the structure". Their approach is the basis of the methods outlined in
Chapter 3 of this report.
The first section of this chapter discusses design considerations for applying VE diagonal
dampers to buildings, including the selection of damper properties, bracing systems and the
configuration of the damper systems. Correlation studies with Zhang, Soong and Mahmoodi
(1989) which show how the results obtained here compare to the results they reported are
presented in the second section. The chapter concludes with the third section which presents
the analytical seismic response of the primary prototype structure with various VE diagonal
damping systems applied.
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5.1 DESIGN AND MODELLING CONSIDERATIONS
The viscoelastic diagonal damper, as considered in this and other research, consists of
two pads of VE material connected to a structure as shown in Figure 5.1. The damper material
is subjected to direct shear by the interstory drift of the structure. The following sections describe
the design process for this type of damper, and concentrate on some of the more practical
concerns which must be considered in design. This is necessary if these damping systems are
to be implemented in practice on a wider scale. The importance of the configuration of the VE
damper and its bracing system, and their effect on the models tested in this research will be
discussed.
(0)plan
~ VE ml1tOriQl
:_:_:_:. r/
VEDAMPER
pinned (boned)
....,'"'---------- end comectlons
(b)
Figure 5.1: TYPICAL VE DIAGONAL DAMPERS: (a) Individual Damper, and
(b) Typical Installation on Structure
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5.1.1 Choice of Parameters Used in This Research
The parameters used in the design and modelling of the seven VE diagonal damping
systems considered here are given in Table 5.1. The properties given in the tableare defined
.
below it. All seven damper systems were applied to the primary prototype structure and each
used 20 dampers of one type. Th~ 20 dampers were applied two to a floor as shown later in
Figure 5.2a.
Table 5.1: Design and Modelling Parameters for VE Diagonal Dampers .-
B 01 R2 03 04 05 06 c;J(S1A) (S1B) (S1C) (S2A) (S2B) (S2C) (S3A)
A 1354.7 1354.7 1354.7 1354.7 1354.7 1354.7 1354.7(cm2)
t 2.54 2.54 2.54 3.81 3.81 3.81 0.75(cm)
I\t 2.758 2.758 2.758 1.839 1.839 1.839 "9.341(N/m) x 107 x 107 X 107 X 107 X 107 X 107 X 107
kb 4.847 1.290 3.687 0.9181(N/m) co x 107 X 107 co X 107 X 107 co
As co 17.29 4.602 co 13.15 3.275 co(cm2)
~otal 2.758 1.758 0.879 1.839 1.227 0.6139 9.341(N/m) x 107 x 107 X 107 X 107 X 107 X 107 X 107
(3 1.0 0.6373 0.3187 1.0 0.6667 0.3333 1.0
I (r:JJs) 117.27081 6.6633 15.9747 116.71851 6.2700 I 5.7243 IB
A: Cross-sectional (shear) area of each VE damper
t: Thickness of each VE damper; same over entire structure
I<ct: Shear stiffness of VE damper materiaL.
~: Stiffness of the diagonal brace supporting the VE damper
~: Area of the diagonal brace
. ~otal: Stiffness of the series damper unit including VE material & bracing
(3: Ratio of total stiffness over damper shear stiffness
0)1: 'Fundamental frequency cif the damper-stiffened structure
(Steel braces were assumed to have a length of 7.13442 m and an elastic modulus of
200 GPa; G' was assumed to be 517.0 N/cm2 and Gil was.assumed to be 430.3 N/cm2.)
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Three types of dampers were modelled and applied to the primary prototype structure.
The first three damper systems, 01, 02 and 03, used damper pads with a thickness of 1.0 inch.
The second set of damper systems, 04, 05 and 06, used damper pads with a thickness of 1.5
inches. The last damper system, 07, used damper pads with a thickness of 0.30 inches. As
/
shown in Table 5.1, the first two types of dampers were applied with steel braces of different
stiffnesses in the different cases.
The damper units, including the VE material and braces, were modelled as truss
elements with the same stiffness as the damper units. In modelling these dampers, it was
assumed that neither the dampers or braces buckled when the diagonals were in compression,
and, thus, that damping was unaffected by the difference between positive and negative diagonal
deformations. This assumption may not be entirely realistic, since buckling would cause a
change in the loading, possibly inducing bending in the damper. The resulting damping would
probably be different than that predicted by the method used here.
5.1.2 Selection of Damping System Properties
For the analytical studies performed here, the inital damper properties were taken from
Zhang, Soong and Mahmoodi (1989). This was reasonable in this case, since the structures
studied were similar. In general, however, this is not an adequate way of obt.§lining the properties
for use in a structure, and a more rational approach is desireable. Aiken and Kelly (1990) used
such a rational method to determine the properties of the dampers they studied analytically and
in experimental tests. More recently, Zhang and Soong (1992) proposed a systematic method
for determining the properties required for a system of VE diagonal dampers. 80th of these
methods will be presented here, along with a variation on the method of Aiken and Kelly (1990)
which uses the analytical methods discussed previously in this paper.
The methods available for a rational determination of the dampers needed in a structure
consider five damper system properties. These properties, which must be determined in the
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design of a system of diagonal VE dampers are: (1) the cross-sectional shear area of the
individual damper pads, (2) the thickness of the damper pads, (3) the constants G' and 11 of the
viscoelastic material which will be used, (4) the number of dampers to be used and (5) the
positions of dampers in the. structure. Zhang, Soong and Mahmoodi (1989) did not discuss the
selection of these properties. The following discusses the importance of each of these
parameters.
(1) Cross-sectional Shear Area of the Individual VE Pads - The shear area is a function of
the amount of damping required to achieve the desired reduction in response. The
desired reduction in response is expressed in terms of the damping ratio required to
-'
achieve it.
(2) Thickness of the Jndividual VE Pads - The thickness of the pads is controlled by the
amount of shear deformation allowed in the dampers, and the amount of diagonal
elongation expected. The thickness of the damper must be such that, when the diagonal
is deformed to its maximum elongation, the allowable shear deformation is not exceeded.
For example, if the allowable shear deformation of a damper is 100%, the thicknesS of
the damper must be at least as large as the expected diagonal elongation.
(3) Material Properties, G' and 1] - In order for a practicing engineer to be able to design VE
,
diagonal dampers, these values must be able to be chosen from manufacturer's literature.
(e.g. "Product Information: Scotchdamp Vibration Control System", 3M Industrial
Specialties Division, date unknown) In such literature, G' and 11 are functions of
temperature and frequency of loading. The designer can use the na~ural frequency of
the first (or most significant) mode as tJ1e loading frequency, and the ambient (or
expected equilibrium) temperature, as discussed previously, as the loading temperature.
(4) The Number of Dampers in the Structure - This parameter is a function of the amount
of response reduction (damping) required, the area of each individual damper and the
total area needed to achieve the desired response reduction. The nLimber of dampers
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multiplied by the area of each damper should equal the total-required area.
(5) Positions of Dampers in the Structure - The dampers should be positioned in the
structure so that they are subjected to the maximum interstory drift ppssible, since this
causes the deformation of the damper which produces energy dissipation in the damper's
VE material.
l
The method used by Aiken and Kelly (1990) formulates an equation for the required
volume of VE material using Equation 3.18, which gives damping in terms of the energy
dissipated by the dampers (Ed) and the maximum strain energy in the system (Ems)' The desired
damping ratio, fundamental frequency and deflected shape are known from previous experiments
and numerical analyses. The known deflected shape is used to calculate the maximum strain
energy of the structure (Ws in their discussion), and this is substituted into Equation 3.18to get
the energy dissipated by the dampers (Wd in their discussion). The equation Aiken and Kelly
(1990), given in their notation, is as follows:
V = 2~())12(XTMX) I G"Y02 (5.1 )
where: ~t
())2
1
X
M
G"
Yo
= desired (target) damping ratio
= squared fundamental frequency
= vector of maximum structural deflections
({u} in Chapter 3 of this paper)
= structure mass matrix ([M] in Chapter 3)
= shear loss modulus
= shear strain level of the dampers
(based on the known deflections and the
thickness of the dampers)
Based on this equation, the area and thickness necessary can be calculated and the
dampers distributed over the structure. The thickness of the dampers is determined based on
an "operating displacement", which is, in turn, based on the maximum displacement of the
structure. (Aiken and Kelly (1990) obtained these displacements from their experiments.) The
thickness of the dampers is determined so that the VE material shear strain produced by this
operating displacement does not exceed the allowable. Once the thickness is determined, the
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damper area can be calculated based on the thickness and the required volume from the
previous equation.
Aiken and Kelly (1990) note the need to select aVE material which is consistent with the
expected temperature range and operating frequency of the dampers. This is a question which
designers should be concerned with, as noted previously. The temperature range they used is
the ambient temperature of the location where the dampers are to be employed. The operating
frequency is taken to be the first' mode natural frequency, although this should probably be the
natural frequency of whatever mode is the most significant. The values of G' and 11 can be found
in-manufacturer's literature.
Aiken and Kelly (1990) did not address the issue of number and position of dampers in
the structure. Instead, they distributed the dampers evenly, with one to a floor. This is similar
to what was done in this research. It should be noted that the damper area derived from the
required volume and thickness is distributed over the structure, and that the area of each
individual damper, therefore, depends on the number of dampers in the structure. It should also
be noted that a weakness in this method as a design tool is its reliance on experimental data for
some of its design parameters. Aiken and Kelly (1990) used experimental test results to
determine the required damping (to obtain the response reduction they desired), the frequency
of the structure, and the deflected shape of the structure. Atypical designer would not have such
results available, and would require that these parameters be obtainable from some design
reference. Aiken and Kelly (1990) note this need in their final conclusions.
The method proposed by Zhang and Soong (1992) starts by assuming a desired level
of response reduction and the corresponding required damping ratio to achieve it. The reduced
response is then used to determine the maximum deformation of the dampers and the thickness
required, assuming the allowable shear strain to be 100%.
Using these values, Zhang and Soong (1992) formulate an equation for the total damper
cross-sectional shear area required over the structure to control the first mode response. In order
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. to derive their equation, Zhang and Soong (1992) make two assumptions which vary somewhat
from those made by Aiken and Kelly (1992) or in this research. The first assumption is that the
shape of the first mode can be appproximated as a straight line and, thus, that the interstory drift
at each floor is equal. Zhang and Soong (1992) note that this assumption is not necessary and
that for a more accurate result, the actual mode shape can be substituted.
The second assumption is that the stiffness added to the structure with respect to
horizontal motion by the diagonal damper units is equal to the shear stiffness of the VE material
multipli~d by a constant, ~, which expresses the effect of the damper's inclination. It was unclear
how this constant is determined. It is possible that it was determined using the results of
experiments with model structures and dampers. The equation proposed by Zhang and Soong
(1992) for the required shear area is:
A = 2~ (E k,) I n(G" - 2t~K) (5.2)
where: ~
t
~
n
G"
K
= assumed damping ratio
= damper thickness required for the expected
structural deformations
= shear stiffness of each story
= number of stories in the structure
= shear loss modulus
= G'~/t, where ~ is the constant referred to
previously
As with Aiken and Kelly (1990), this equation is based on the energy formula for the
damping provided by VE diagonal dampers. It is important to note that this equation does not
consider the flexibility of the steel brace which supports the damper, and thus implies the
assumption that this brace has an infinite stiffness.
The optimal number of dampers and their locations can be found using a variable from
control theory called a controllability index. The use of this index in finding optimum locations for
dampers amounts essentially to placing the dampers at the locations where the greatest
. -
displacements occur in the model (Zhang and Soong, 1992).
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As part of this inveStigation, an additional design method is proposed. This design
method is similar in many ways to these other methods, but makes use of mass normalization
and the mode shapes of the damped and stiffened structure as determined from a finite element
analysis of the structure. The proposed equation is derived using the same basic damping
equation as is used by the other methods, in addition to the equations derived in Chapter 3 for
diagonal VE dampers, and is as follows:
A = 2~rO)l2 f G"~2 L($62ft)
where: ~r = required damping ratio
0)2
= squared fundamental frequency1
G" = shear loss factor
~ = ratio of VE pad shear stiffness to
overall diagonal stiffness
$6 = modal diagonal deformation, as discussed
previously in Chapter 3
t = thickness of the damper
(5.3)
The proposed equation has two advantages: (1) It removes the necessity of consigering
either response spectra (to determine actual deflections) or the experimental data used by Aiken
and Kelly (1990), and (2) it avoids the need for calculating the story stiffness properties as
required by Zhang and Soong (1992), sincee\he mode shapes are of the structure with the
diagonal dampers already in place.
The disadvantage of this method is that it requires iteration to obtain the final result.
Some iteration, however, is required by each the previous methods also (e.g., experimental data
first, the calculations second for Aiken and Kelly, 1990). For an initial design approximation of
the area using this method, the fundamental natural frequency and the corresponding mode
shape of the undamped structure can be used. The most significant mode should be used for
this procedure, whether it be the first mode or not. The ~ factor discussed in Chapter 3 and
shown in this equation can be assumed to be about 0.9 for the first run and a reasonable
thickness should be assumed. $6 can be calculated from t.he mode shape as shown previously.
The total area should be distributed over the structure at the locations with the maximum
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interstory drift.
~-
The current research did not use any of these methods, as mentioned before, but rather
took most of the design parameters from Zhang, Soong and Mahmoodi (1989). The area (1354.7
cm2) and Gil value (430.3 N/cm2) used here are the same as in that report; the value used for
G' here is the same value Zhang, Soong and Mahmoodi (1989) used as their G', where:
(5.3a)
This was done so that the damper stiffness calculated here as ~ = G'Alt, would be equal
to the damper stiffness calculated by Zhang, Soong and Mahmoodi (1989) as ~ =G·Alt.
5.1.3 Effects of Steel Brace Stiffness
The models considered by pr,evious researchers seem to have used the stiffness of the
damper in shear as the stiffness of the diagonal damper unit as a whole. This is particularly true
of the work of Zhang, Soong and Mahmoodi (1989). The situations where dampers are applied
to real structures or scaled models, however, reveals that they are part of a unit which consists
of both the damper material and the bracing which connects it to the structure. The stiffness of
the bracing can significantly effect the damping which results when the damping system is put
into service.
To demonstrate the importance of the steel brace stiffness relative to the damper
stiffness, consider the damper unit shown in Figure 5.1. The unit is a series of elements with
varying stiffnesses, where the damper material has a stiffness of ~ and the brace has a stiffness
of~. When a force is applied to the ends of this combined member, deformation will occur, but
it will be different in each part of the system, depending on the stiffness. The force in each part
of the member is the same, and leads to the following set of equations:
(5.4a)
(5.4b)
(5.4c)
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For the series case studied here, the damper deformation will always be less than the
overall diagonal deformation and can never be greater than it. Only when the stiffness of the
diagonal damper unit is equal to the shear stiffness of the damper material will the deformation
of the damper equal the total elongation of the diagonal.
The actual damper deformation can be calculated if the stiffnesses of the damper and
the overall diagonal damper unit are known, as shown in the equation. The stiffness ratio, ~, was
referred to previously in Chapt~r 3. Ignoring this ratio and considering the damper deformation
to be equal to the total diagonal elongation overestimates the damper deformation and, as a
result, overestimates the damping in the structure, since damping is directly proportional to the
damper deformation. The flexibility of the bracing system can only be neglected if the braces are
much stiffer than the damper material. This drives the deformation into the damper material, thus
ensuring the maximum possible damping.
To illustrate this, consider the differences between Cases 02 and 03. Both cases use
a damper material with a stiffness of 2.78 x 107 N/m. Both cases have ~ values which are less
than 1. For Case 03, ~ equals 0.3187 and the area of the steel brace is 4.602 cm2• For Case
02, ~ equals 0.6373 and the area of the steel brace is 17.29 cm2• In order for ~ to equal 1.00,
to the second decimal place, the brace steel area must be approximately 300 m2, an impossible
amount. Thus, the effect of the steel brace stiffness should be considered in the design and
;'
analysis of VE damped structures. Results presented later in this chapter will confirm this.
5.1.4 Importance of Configuration
The configuration of the damping system is another important concern in the design and
modelling of VE diagonal damped structures, since different configurations will result in different
relationships between the stiffnesses of the various parts. The problem of configuration cart1e
to light during attempts to correlate with the results of Zhang, Soong and Mahmoodi (1989).
There are several illustrations of damping systems in that paper, showing several different
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(a) (b)
Figure 5.2: DAMPER CONFIGURATIONS SHOWN BY ZHANG, SOONG AND
MAHMOODI (1989): (a) Series, and (b) Parallel
configurations. These are reproduced in Figure 5.2 to show the differences. The different
configurations shown result in dramatically different damping.
As an example of how important configuration is, the following discussion compares the
two basic configurations: the series configuration shown in Figure 5.2a, and the parallel
configuration, a variation of which is shown in Figure 5.2b. It should be noted that each of these
is a valid configuration, depending on the design conditions. The series configuration is more
applicable to the seismic retrofit of existing moment-resisting frames, or for use in new structures,
where the stiffness of the overall damper unit can be considered in the design calculations. This
configuration incorporates the damper into the diagonal and, therefore, would not work in
situations where diagonals already exist. The series configuration was tested by Aiken and Kelly
(1990) and is the only configuration studied in this research. The overall stiffness of the diagonal
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for a series configuration is calculated by the following equation:
1/kwla' =1~ + 1~ (5.5)
This equation makes clear the fact that if the brace stiffness is much greater than the
damper material stiffness, it can be neglected. If ~ is large relative to ~, its inverse in the
equation approaches zero.
The alternative to the series configuration is the parallel configuration, which is more
suited to structures where existing diagonal bracing prevents the installation of series
configuration dampers. In the parallel configuration, the damper unit is connected in parallel to
the existing diagonal by a strut. This configuration is much less effective than the series
configuration because so little of the total diagonal elongation occurs across the damper. The
addition of the damper stiffens part of the diagonal, forcing the majority of the deformation to take
place in other parts of the diagonal. As a result, less damping occurs. The total stiffness of a
parallel configuration is a simple summation of the stiffnesses of the parts:
~otal = ~ + ~ (5.6)
The parallel configuration as it would be used in the field, and as it is shown in Figure
5.2b, is much more complex than the basic parallel. It is actually the parallel combination of
several independent series units. The total stiffness of a practical parallel damping unit would
be calculated by first calculating the stiffnesses, ~ and ~, of the series units and then inserting
these into Equation 5.6.
5.2 Correlation of This Research with Zhang, Soong and Mahmoodi (1989)
It has been stated previously that one intention of this research was to correlate its results
with the results reported by Zhang, Soong and Mahmoodi (1989). The benefits to be obtained
by performing such a correlation study are:
(1) Verification that the results presented by Zhang, Soong and Mahmoodi (1989) are correct
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and result from the use of the analytical methods they present. This is important, since
their methods are the basis of a substantial part of the analytical studies presented in this
research.
(2) Verification of the accuracy of the software and hardware (particularly the spreadsheets
and FACTS).
Attempts at performing the correlation study in the initial phase of this project were
frustrated by the lack of information on modelling given by Zhang, Soong and Mahmoodi (1989).
Given its intended purpose, the model used for the correlation studies should have been an exact
reproduction of that used by Zhang, Soong and Mahmoodi (1989). The secondary prototype
structure was intended for this purpose and is the best attempt possible under the circumstances.
The details of this structure were discussed previously, in Chapter 4.
In addition to the problems with the basic structural model, there was also some
confusion over the damper configuration used in the models of Zhang, Soong and Mahmoodi
(1989). The variety of damper configurations presented in that paper have already been shown
in Figures 5.2a and 5.2b. The significance of the differences in these models was discussed in
the last section. TO,resolve these difficulties, it was assumed that the series configuration shown
in Figure 5.1 was used for all modelling. This assumption seems to be confirmed by photos in
a report by Lin, Liang, Soong and Zhang (1988), and a subsequent paper by Zhang and Soong
(1992).
Zhang, Soong and Mahmoodi (1989) appear to use the damper stiffness as the stiffness
of the overall diagonal damper unit in their analytical studies. This assumption is, at best, a
rough approximation and is shown later in this report to lead to erroneous results, since the
deformations in the damper and therefore the damping in the structure, are overestimated.
The results achieved by the correlation studies were inconclusive. Although the
modelling assumptions seem to be what was used by Zhang, Soong and Mahmoodi (1989), the
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Table 5.2: Design and Modelling Parameters for Correlation Study with Zhang, Soong
and Mahmoodi (1989)
.
I Case
"
Z1 I Z2 I Z3 I
I Area (cm2) II 1354.7 I 1354.7 I 1354.7 I
Floors 1&10 1'.27 1.27 1.27
t Floors 4&5 3.30 3.30 3.30(cm)
All Others 2.54 2.54 2.54
Floors 1&10 5.50 x 107 5.50 X 107 5.50 X 107
~ Floors 4&5 2.11 x 107 2.11 X 107 2.11 x 107(N/cm)
All Others 2.75 x 107 2.75 X 107 2.75 X 107
kb (N/m) 00 00 1.121 x 107
As (cm2) 00 00 4.00
5.50 x 107 1.540 X 107 0.931 X 107
~otal (N/m) 2.11 x 107 , 0.770 X 107 0.732 X 107
2.75 X 107 0.591 x 107 0.797 X 107
0.1693
6 1.0 0.2800 0.3470
0.2896
I ro1 (racJIs) II 1.143 I 0.9167 I 0.9204 I
(L for diagonal stiffness calculations is 7.13442 m, the total diagonal length of each bay)
results obtained in this study were not close to the results they reported. The three most
reasonable damper systems modelled (Cases Z1, Z2 and Z3), and the corresponding results are
discussed here.
Case Z1 considered a system of dampers where the stiffness of the overall diagonal
damper unit was assumed to be equal to the shear stiffness of the damper material as given by
Zhang, Soong and Mahrpoodi (1989); the braces were assumed to have an infinite stiffness.
The parameters considered in Case Z1 are shown in Table 5.2. Table 5.3 compares the
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Table 5.3: Correlation of Natural Frequencies with Zhang, Soong and Mahmoodi
81 Natural Frequencies (Hertz) IZhang ICase II Case II Case Iet al Z1 Z2 Z3
1 0.92 1.143 .9167 .9204
2 2.71 3.589 2.706 2.685
3 4.88 6.553 4.909 4.833
4 7.05 9.390 7.072 6.935
5 9.54 12.53 9.588 9.302
6 11.6 15.29 11.78 11.52
frequencies of the first six modes. The resulting frequencies proved to be much higher than
those reported by Zhang, Soong and Mahmoodi (1989), thus indicating that the structure as
modelled here was stiffer than their model. For instance, as Table 5.3 shows, the first mode
frequency for this first model was 1.143 Hz, as compared with their 0.92 Hz.
Table 5.4 compares the damping ratios obtained. The results are given for each model
and, also, by the method used to calculate the damper deformation. The shear building method
does not assume that the beams are infinitely rigid. Rather, the actual properties are used for
both the beams and columns, but the vertical displacement is ignored, and only horizontal motion
is considered in calculating the damper deformation. This is the assumption made by Zhang,
Soong and Mahmoodi (1989). The other method (referred to as the Jester-Sause method) was
used throughout this research. In this method, the vertical movement of the nodes are
considered in the diagonal elongation calculation. The difference in damping obtained using
these methods is large, and it seems that the "shear building method" can overestimate the
damping added to the structure.
Case Z2 is essentially the same as Case Z1, but since Case Z1 proved to be too stiff,
the stiffnesses of the individual dampers were scaled down by a factor of 3.571, thus resulting
in a more flexible structure. The factor was determined by trial and error and results in a close
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Table 5.4: Correlation of Damping Ratios with Zhang, Soong and Mahmoodi (1989)
I Case Z1 II Case Z2 II Case Z3 I
Mode Zhang Jester- Shear Jester- Shear Jester- Shear
et al Sause Bldg. Sause Bldg. Sause Bldg.
Method Method Method Method Method Method
1 12 17.46 42.58 3.04 5.18 3.26 5.50
2 36 22.34 38.14 . 3.94 5.32 3.80 5.00
3 33 23.62 28.94 3.98 4.48 3.78 4.12
4 26 23.88 26.90 3.72 4.04 3.36 3.52
5 - 22.50 24.76 3.64 3.88 2.94 2.44
6 - 22.02 24.42 3.38 3.56 2.74 2.76
correlation between the natural frequencies of Case Z2 and those reported by Zhang, Soong and
Mahmoodi (1989). This improvement in natural frequencies is evident in Table 5.4. It should
also be noted that the damping results drop off significantly between Cases Z1 and Z2, so that
the damping results for Case Z2 are now considerably lower than those reported by Zhang,
Soong and Mahmoodi (1989).
Case Z3 is the only case presented here which uses a realistic diagonal bracing system.
It was modelled after the series dampers discussed previously in this chapter, originally shown
in photographs in Aiken and Kelly (1990). The photos show a viscoelastic damper connected to
the beam-column intersections in the structure by steel braces and gusset plates. The stiffness
used for the braces in Case Z3 was determined by trial and error to give the closest correlation
to the natural frequencies reported by Zhang, Soong and Mahmoodi (1989). The damping
achieved with this model did not compare well with that reported by Zhang, Soong and Mahmoodi
(1989). This information is also summarized in Tables 5.3 and 5.4.
In summary, it can be seen that, although the structures considered in this correlation
study were modelled after the models of Zhang, Soong and Mahmoodi (1989), they did not
achieve the same natural frequencies or damping ratios as those which were reported. It can
be seen that the case which had the worst natural frequency correlation had the best damping
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correlation and vice versa.
Aiken and Kelly (1990) express similar questions about the damping values reported by
Zhang, Soong and Mahmoodi (1989). They noted that the reported values were considerably
higher than the results which they obtained in analytical and experimental tests on similar
damping systems. This is the finding of the current research as well.
One important observation is the difference noted previously between the damping
achieved using the "shear building method" and what is referred to here as the "Jester-Sause
method". The Jester-Sause method is used throughout this investigation. As discussed
previously, the model of the building used in this study allows rotation and vertical movement to
occur freely at the ends of the beams. The horizontal movement of the beam ends are slaved
to each other, so that the beams move horizontally as a unit. The behavior of this model is
closer to that of a real structure than a shear building. Since the building was modelled so that
these degrees of freedom were allowed, they should be considered in estimating the damping.
It can be seen that the shear building method for calculating damping over-estimates the damping
provided by the damping system.
5.3 ANALYTICAL STUDIES ON VE DIAGONAL DAMPERS
The seven cases given in Table 5.1 considered the application of different VE diagonal
damping systems to the primary prototype structure. The dampers were applied p,s described
previously and subjected to the EI Centro earthquake. The models were studied (1) to verify the
overall behavior of structures using VE diagonal dampers, (2) to determine the importance of
considering the stiffness contribution of the brace, and (3) to determine the effects of changing
the thickness of the VE pad in the damper.
Unlike the mass dampers which will be considered in the next chapter, the application
of VE diagonal dampers did not add vibrational modes or cause other dramatic change in the
overall behavior of the structure (except to reduce the response). The damping added to the first
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/EJ~/ t = 1" (2.54 cm) I t = 1.5" (3.81 cm) II t = 0.75 cm I~=1.0 ~=.6373 ~=.3187 ~=1.0 ~=.6667 ~=.333300(01) (02) (03) (04) (05) (06) (07)
1 17.00 9.61 3.51 15.31 8.69 2.95 6.33
2 20.66 11.51 4.23 18.34 10.41 3.58 9.59
3 23.01 12.46 4.41 19.92 11.05 3.67 11.28
4 23.01 12.08 4.05 19.37 10.42 . 3.29 12.14
5 21.77 11.26 3.72 18.07 9.62 3.01 12.15
6 21.06 10.66 3.39 17.16 8.93 2.68 12.13
~17.271 6.66 I 5.97 116.721 6.27 I 5.72 II 9.38 I
(radls) (Compared with 5.02 for undamped structure)
Table 5.5: Added Damping with Variation in Damper Thickness and ~ Factor
six modes of the structure in each case considered in this research is given in Table 5.5. The
fundamental frequency for each case is given at the bottom of the table. It should be noted that
the damping which is added by a system of VE diagonal dampers is not restricted to only one
or two modes, but instead is distributed over all the modes.
Table 5.6 gives the maximum response for each case in terms of top story deflection,
interstory drift, base shear and base moment. The response shown in the table can be compared
with that shown in Chapter 4 for the undamped primary prototype structure to see the
improvement resulting from the use of the VE diagonal damping systems.
5.3.1 Damping vs. Variation in Brace Stiffness
In order to investigate the effect of the brace stiffness on the damping produced by aVE
diagonal damping system, and on the response of the structure to which they are applied, two
sets of cases were studied. The first set, Cases 01, 02 and 03, used dampers with 1" VE pads,
as indicated in Table? 5.1. The second set, Cases 04, 05 and 06, considered dampers with 1.5"
pads. In each set, the stiffness of the brace was adjusted so that the ~ factor was approximately
equal to 1,213 and 1/3. The actual values used are given in Table 5.1. Including the undamped
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Table 5.6: Maximum Response with Variation in Damper Thickness and ~ Factor
Maximum
I
t = 1" (2.54 cm)
II
t = 1.5" (3.81 cm) II t =c~751Response
Type
~=1.0 ~=.6373 ~=.3187 ~=1.0 ~=.6667 ~=.3333 [}iJ(D1) (D2) (D3) (D4) (05) (06) (D7)
Structure 2.978 in 4.146 in 5.678 in 3.348 in 4.450 in 5.911 in 3.367 in
Deflection
Interstory 0.341 in 0.488 in 0.689 in 0.390 in 0.534 in 0.726 in 0.399 in
Drift (6th (7th (7th (7th (7th (7th (7th
floor) floor) floor) floor) floor) floor) floor)
Story 109.07 125.08 136.49 105.05 120.51 131.38 183.39
Shear k k k k k k k
Story 8656 10143 11140 8356 9654 10610 15407
Moment k-ft k-ft k-ft k-ft k-ft k-ft k-ft
structure, which is equivalent to a ~ factor of zero, allows the entire range of possible values to
be covered.
It can be observed in Table 5.6 that there is a significant decrease in the maximum
deflection from the undamped value of 7.362 in. for all of the cases and that the reduction is most
substantial for the cases where ~ equals 1.0. The same is true for interstory drift. These
response values are plotted in Figure 5.3 and 5.4.
Contrasting these results are the story-shear and story-moment response results. For
the story-moment, both of the cases which used ~ factors of 1.0 showed decreased response.
However, for the cases where ~ was between 0 and 1.0, the response was either roughly the
same as or greater than the response of the undamped structure. For the story-shear response,
again, only for the cases where ~ equalled 1.0 did the damped structure have consistently better
response than the undamped structure.
This can be explained by considering the ways that deflection is reduced in a structure
using VE diagonal dampers. First, deflection is reduced by the increasing damping added to the
structure. The increase in damping also serves to reduce the shear and moment response. The
59
10 , 10 ..
. \
, .
.
. , .., \ , ..9 , 9 .,. \ \ " ,
I . \ \ ,
. \
,
8 I , 8 \
,
I I \ \
.
,
\ \ ,,
/ \ \ .,7 I .7 I I ,,
I I ,
,
I ,
,,
I I ,
,
6 I I ,I I I I ·,
·en '~ I , ··8 5 I I ' 5 I I ·I I .' , :[i:; ,
//// 3
,
4 4
I I ,/ I
3 I I , 3 III.' I
'I'E I2 II,' 2 I I11/ / ,-,-d,' PToto~e , ,-/ ,-
"
"
"
" / .......
"" ..- ",,:~,,~,,.,,,,
'-::"......
a a
a 2 4 6 8 10 a 0.2 0.4 0.6 0.8
Deflection (in) Interstory Drift (in)
10
9
I iUrlrr°lotypel \~B
8 1'-,-: ~\\
I I : \\',.
7 LT--:J 7 \\\\\\
I :1 \\\
6 LY-t-:-EJ 6 \\\\~,~ ,~,
8 5 1:....+.., 5 '\[i:; ) I ~,,'
4 L+ l 4
":>~C 1 \' ,~,
3 Lr'r-l 3 \
I: I
"'\ ,2 L1'~1 2 ~"
I :1 '~ ,'~ ,
1 ~ ~ 1 '~ "-
I , '" ,'~ ,
a 0 ' ,
0 20 40 60 80 100 120 140 0 2 4 6 8 10 12
Story Base Shear (k) Story Base Moment (k-ft)
(Thousands)
Rgure 5.3: Seismic Response of Cases 01, 02, 03 and the UndamPed Prototype
60
10 . 10 ,
I . ,
, .
.
. , ..
I .
, , ..
. 9 ,9 / . \ \ ". ,
/ .. , \ ,,
8 / \ \
,
8 ,I , \ , ,. ,
I / . EJ \ ,. .II..:t. 7I \ , .7 7 .i I / .../ I ..I . ,
I / .. I I .6 I 6 .I / . I ,,
<I) I I,. I I ,.
... /~ I , ,8 5 5 I :fi: ,,4 I I .. 4 ,I I.' I,
J I / ,,
I I .. ,3 3 ,11/ .
y,j~~ I ..I .2 2 ,./ ... ..
".
... . '
./ ... .'l PrototypeI ... .. '
1 ". ....,~~......
/ ..........-
....:-= ....
00 02 4 6 8 10 0 0.2 0.4 0.6 0.8
Deflection (in) Interstory Drift (in)
10
9 ,r -i-1Prolotypel \~oro~l.8 n--:
I I I \\\,
\\\7 ~~r. 7 \'\
";~ \\\\'\6 1-;1 6 \~;.. r~ I: \'\8 5 L.:.t; 5
"
,1fi: I: I
",\
4 ~hl 4 '\\
I : I '\,.~
3 L,L1 3 ,\,~, '\'.,
2 L, L r: 2 ~~
I I: ,", "~. ,
1 , Lj-: ~."
I I: '''.. ,
a . 0 ~','
0 20 40 60 80 100 120 140 0 .2 4 6 8 10 12
Story Base Shear (k) Story Base Moment (k-ft)
(Thousands)
Figure 5.4: seismic Response of Cases D4, D5, D6 and the Undamped Prototype
61
30....-----------------. ...---------,
5 .....
25
~ 20~
o
+=l
to
a: 15Ol'
e:
'0.
E
cg 10
IMax. Damping I
fD2LL--l.> .
..............................~.
03IUndamped Structure I-
".:.•::.::::::::":,,,,:::::::.:.:.\:: .::::....
beta =1.000
beta =0.6373
beta =0.3187
beta =0
2 3 4
Mode
5 6
Figure 5.5: Damping Ratios for Modes"1Through 6for
Cases 01, 02 and 03
30....-----------------, ...---------,
beta =1.000
25
beta =0.6667
~20~
o
fii~15 ..........•...............~ ..i 10 . . ::::: : : ::::::::.:::::::: .
/~
5 __•.,.".".:.~~~~~~~~~~~~.~.~.~.~.~.~.~. ~.~.".".".,."e::: ~~~ .
Ol-'-----r---~------,-----,----r--_r__-----'
1 2 3 456
Mode
Figure 5.6: Damping Ratios for Modes 1Through 6for
Cases 04, 05 and D6
62
beta =0.3333
beta = 0
8-r----------------------,
7 :" "::::.:~::~~~"""" : .
6 uuuuuuu.u.:·:::::::···:>, ::.uuuuuuu.u.ul Max. Damping b uu
. l""""'~
- .
c: 5 :::~ : """
~ .
CIJ •..•.•.
c: .
~ 4 . ::::! ;;;::: .
~ .
1i5o 3 u"uuul Undamped Structure tuuuuuuu.uuu.uuuuuuuuu
2 .
1 """" """"""" """"" '" .
o 0.4 0.6
Stiffness Ratio (Beta)
1
t = 1"
t =1.5"
Figure 5.7: Maximum Top Story Deflections with Variation in
Bracing and Thickness
63
second way deflection is reduced is by increasing the stiffness. A more rigid structure will deflect
less, but the decrease in deflection can be accompanied by a significant increase in the story
base shear and moment.
Figure 5.5 is a plot of the damping which results for each of the first six modes of Cases
01 (13 = 1.0), 02 (13 = 0.6373) and 03 (13 = 0.3187). Considering the plots of the shear and
moment response of these cases in Figure 5.4, it can be observed that Case 03, which has been
stiffened by the addition of the dampers but which has very little added damping, gave higher
shear and moment results than the undamped structure. Case 02 improves on this somewhat,
while Case 01, which has the maximum damping, gave the best response. On the basis of this
example, it can be concluded that structures to which VE diagonal damping systems are added
can actually be worse off if the bracing system is inefficient and little damping is realized. In such
a case, the stiffening effects could outweigh the effect of the small amount of damping. Thus,
the design of the bracing system should be given attention in designing such a system.
Figure 5.6 shows the change in damping ratios with changing 13 factor for Cases 04, 05
and 06, where the damper material was 1.5" thick. It should be observed from Figure 5.6 (and
from Figure 5.5) that there is greater change in the damping added to the structure as 13 goes
from 2/3 to 1.0 than there is as 13 goes from 0 to 1/3. The rate at which the damping ratio
increases with 13 is larger for large values of 13. Thus, small changes when 13 is in the range
between 2/3 and 1.0 appear to produce large increases in damping. This is a positive result,
since typical values for 13 seem to fall into this range.
Figure 5.7 shows the difference in deflections with varying 13 when the thickness of the
damper changes from 1" to 1.5". It can be seen that the 1" damper gives a greater reduction in
top story deflection.
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5.3.2 Damping vs. Variation in VE Material Stiffness
Recent research has concentrated on how much damper material is required to provide the
necessary response reduction. As discussed previously, it is usually assumed that the allowable
shear strain of the damper material will be the controlling factor in determining the thickness. The
purpose of .this section is to investigate the relationship between the damping which is obtained
from a system of VE diagonal dampers and the thickness of the dampers.
Figure 5.8 shows the variation in damping ratios for Cases 01, 04 and 07. In each of
these cases, the ~ factor was assumed to be 1.0, so that the brace stiffness would not effect the
results. Case 01 used a VE damper material thickness of 1", Case 02 used 1.5" and Case 07
used .295". As Figure 5.8 shows, the damping ratios increase with decreasing thickness for
Cases 04 and 01 (t = 1.5" and t = 1"). This is what would be predicted looking at Equation 3.27
DAMPING RATIDS for VARYING VE THICKNESS
30~-----------------------'
t=1 inch t Max O.
25 :.i'.. _--= 75 3.37
1.0 2.98
01 ~~________ 1.5 3.35
I:••···t·~··1:~;~'·_~-'--::_;~:_;;~~:2:-':-:::·.:m.-~-:: ••••••••••••••••....••
~ 10 mmm··.:;;····<:~::··:········~~·t=.;~·m .
...,
11 inch thickness seems to be optimum I
1 2 3 4
Mode
5 6
Figure 5.8: Variation in Damping Ratio with Variation in Damper Thickness
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for damping with VE diagonal dampers. Equation 3.27 shows that the thickness term is in the
denominator, and therefore, its decrease should lead to the demonstrated increase in damping.
This conclusion proves to be false, however, as the thickness is decrea~ed from 1" to
0.295" (Cases 01 to 07). When the thickness is decreased to 0.295 in Case 07, there is a
marked decrease in the damping produced. The reason for this is explained by the effects of
stiffening and damping in reducing the response, similar to that explained in the last section. As
the damper thickness decreases, the overall diagonal and also the structure are stiffened. As
mentioned in the last section, stiffening the structure results in response reduction. In this case,
stiffening also leads to a decrease in diagonal deformation and as a result, to a decrease in
damping. Since the majority of response reduction comes from damping, eventually the decrease
in damping due to stiffening is significant enough that the response reduction is lost due to
excessively thin dampers. The stiffening of the structure due to the damper thickness is captured
by ron2 in Equation 3.27. Figure 5.9 shows the relationship in response between Cases 01, 04
and 07, and illustrates the differences described here.
Figure 5.8 also shows the maximum shear strain in each of the dampers. It should be
noted that for each of these cases, the maximum shear strain in the dampers is less than 100%,
the allowable assumed for this research. According to the design procedure of Aiken and Kelly
(1990), all of these would have been found to be too thick, and yet, it can be seen that if the
damper thickness is reduced, the response would actually be greater. This result indicates that
further research into these relationships is needed.
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5.4 SUMMARY OF THE INVESTIGATION OF VE DIAGONAL DAMPERS
The results presented in this chapter support the findings of other researchers regarding
the effectiveness of VE diagonal damping systems. This chapter attempted to clarify the
procedure to be used in the design and application of a system of these dampers, and to bring
it into agreement with the design methods proposed by others. It concentrated on practical
design issues, such as damper configuration and bracing systems. It shows that care must be
taken in the design process, since VE diagonal dampers can inhibit good response if they are
not applied properly. The major conclusions of this chapter are summarized here.
(1) VE diagonal dampers are effective at reducing seismic response. The most effective
case considered here was Case 01, which reduced the top story deflection response of
the undamped structure from 7.362 in. to 2.978 in., a reduction of 60%. The maximum
interstory drift was reduced from 0.904 in. at the seventh floor to 0.341 in.. at the sixth
floor, a reduction of 62%. Maximum story base shear was reduced from 136.11 k to
109.07 k (a reduction of 20 %) and the maximum story base moment was reduced from
9902.6 k-ft to 8656 k-ft (a reduction of 13 %). With respect to shear and moment, Case
04 had better response reduction than Case 01, with a story base shear of 105.05 k and
a story base moment 8356 k-ft.
(2) This research was unable to confirm the results of Zhang, Soong and Mahmoodi (1989).
The damping obtained in the correlation study was much lower than what they reported.
(3) The bracing used in a system of VE diagonal dampers should be considered when
modelling the dampers. The bracing wa$ shown in this research to have a significant
effect on both the structure's overall behavior (the fundamental frequency changed
significantly with variation in the stiffness of the braces), and the damping obtained from
the VE material.
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(4) Design methods which do not include experimental results, and which are clear enough
to be used in practice by designers, should be developed. Such amethod was proposed
here, but it is untested, and would require further work to refine it and prove its validity.
(5) Varying the thickness of the VE material used in a damper can have either a positive or
negative effect on the overall response of the structure to which they are applied. It was
shown that if the thickness becomes too small, and the stiffness increases beyond a
certain level, the response could actually be greater than for the undamped structure,
especially for shear and moment response.
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CHAPTER 6
INVESTIGATION OF VISCOELASTIC PASSIVE MASS DAMPERS
The idea of using mass dampers to help reduce seismic displacements and forces in
buildings is not new. As discussed previously, there is disagreement regarding,the effectiveness
of mass dampers. However, Villaverde (1985) has indicated that heavily damped passive mass
dampers, tuned to one of the natural frequencies of a structure can indeed be effective in this
regard. This being the case, further research in this topic is warranted. The current research
attempts to discuss the practical design and application of passive mass dampers using
viscoelastic materials to provide the required heavy damping.
The first half of this chapter deals with the practical design of passive mass dampers
using VE materials. It is concerned with questions which designers must address in order to
design VE passive mass dampers for use in the field. It also describes how the dampers
considered in this research were designed and investigates the feasibility of constructing them.
The second half of this chapter presents results obtained from analyzing models of structures that.
incorporate these dampers.
6.1 DESIGN AND MODELLING ISSUES
The viscoelastic passive ma~s damper, as considered here, is made up of a mass
connected to the main structure by a spring and damper system and is illustrated in Figure 6.1.
In these dampers, the VE pad serves as both the spring and the damper. The idea is that
vibration of the main structure causes the damper's mass to vibrate, producing shear deformation
in the VE pad which dissipates energy. The following sections will address design and modelling
issues important in practical design, and will describe the models studied in this research.
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(a)
damper mass
VE material "spring"
moment-resisting
connection
fixed base
truss element modelled
with stiffness of
VE material
(b)
damper mass
(constrained to
horizontal motion)
floor mass along
right column line
Figure 6.1: VISCOELASTIC MASS DAMPER MODELLING TECHNIQUES:
Actual structure (a) and FACTS model (b)
6.1.1 Design Parameters
Table 6.1 gives the design parameters for 6 different VE passive mass damper systems
which were applied to the primary prototype structure. Since this research focussed primarily on
the application of dampers to the fundamental mode of vibration, all but one of the cases were
tuned to the structure's fundamental frequency (001= 5.0202 rad/s). Case 6, however, considered
the benefits of also adding a second damper tuned to the second mode (~ =14.1979 rad/s).
In order to provide a basis for comparing the results of this research, the total mass used
for all the dampers in each design was set to be either 1% (2000 kg) or 2% (4000 kg) of the total
structure mass (20,630 kg). This 1% or 2% mass was divided up among the dampers used on
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the model. Of the 6 cases analyzed, 2 used a total damper mass of 1% of the structure mass
and 4 used 2%.
The modelling of the damper systems is also shown in Figure 6.1. Although the figure
shows a simplified model of the structure, it illustrates the techniques used. Each damper was
modelled as a mass connected to the structure by a truss element spring. The mass was
Table 6.1: Design and Modelling Parameters for VE Passive Mass Dampers
I Case I~I M2 I~~~I M6 I
md 400 200 4000 2000 1333.3 2000 2000(kg)
~ 10081 5040 100810 50405 33603 50405 407181(N/m) I
rod 5.0202 5.0202 5.0202 5.0202 5.0202 5.0202 14.1979(radls) (1S~ (2nd)
No. 10 10 1 1 3 1 1
Used (All (All (Top (Top (Top 3 (Top (5th
floors) floors) floor) floor) floors) floor) floor)
A 4@4 4@1 4@25 4@9 4@4 4@9 4@ 6.25
(cm2) (2 x 2) (1 x 1) (5 x 5) (3 x 3) (2 x 2) (3 x 3) (2V2 x 21h)
Alt 0.195 0.0976 2.000 1.000 0.640 0.976 7.784(cm)
t 82@ 1 82@ .5 20 18@2 25 @ 1 18@2 1(em) @2.5 @ 3.175
IFeasibleI~I No I~I Marg·11 Marg. I~I Yes I
md : Mass of each individual damper
~: Stiffness of the VE pad in damper
rod : Frequency of the damper
No.: The number of dampers used in the entire structure
A: Cross-sectional shear area of VE damper: Given as 4 pads (at each
corner of the damper) at, for example, 4 cm2 (2 cm by 2 cm)
Alt : Area to thickness ratio of the damper
t: Thickness of the VE pad: Given as number of layers at given thickness
in cm.
G' : Shear storage modulus of VE material, equals 517.0 N/cm2
Gil : Shear loss modulus of VE material, equals 430.3 N/cm2
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placed to the right of the structure on the same level as the floor to which it was connected. The
mass was constrained to move horizontally only. The stiffness of each truss element was
matched to the shear stiffness of the VE material, and was adjusted by changing the element's
cross-sectional area. The figure contains additional information concerning the modelling of the
structure which is repeated from Chapter 4.
It should be noted that the notation used in Table 6.1 to describe the area, Aft ratio-and
thickness of each damper is for the modified damper design shown later in Figure 6.2. The terms
used are explained along with the other variables below the table.
6.1.2 Damper Mass and Stiffness Properties Selection
Table 6.1 shows that there are many parameters which need to be defined in the design
of a VE passive mass damper system. The first parameter selected in the designs for this
research was the damper mass. In design, the advantages of using a large mass must be
weighed against the disadvantages. In favor of a large mass are the increased effectiveness and
more stable damper device it provides (due to the higher Aft ratio, as discussed later). The
disadvantages are that a very large mass will reduce the available load bearing capacity of the
floor on which it is installed, will produce greater shears and moments on that floor and will
substantially lower the natural frequency of the structure, thus disturbing the frequency tuning.
The selection of the mass has an effect on all of the other parameters selected. Since
the damper is essentially a single-degree-of-freedom system, the damper frequency, mass and
stiffness are related as follows:
OOd
2
= ~ / md (6.1)
This relationship is illustrated by the data in Table 6.1. It can be observed that for the
same damper frequency, an increase in mass requires a similar increase in stiffness. Consider,
for example, cases 1 and 2: as the mass doubles, the stiffness must also double to maintain the
73
damper mass damper mass
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Figure 6.2: VISCOELASTIC PASSIVE MASS DAMPERS: Basic design (a) and
modified design for low frequency tuning (b)
same frequency.
It can also be observed from the table, that for dampers with the same mass, an increase
in the frequency to which the damper is tuned results in an increase in stiffness with respect to
the mass. This is best illustrated by Case M6 in which the structure had both first and second
mode dampers. _Although both dampers had 2000 kg of mass, the second mode damper, tuned
to a higher frequency, has a stiffness of about 8 times that of the first mode damper.
It can thus be seen that the choice of these three parameters is far from arbitrary. Since
the damper frequency is set by the mode to which the damper is to be tuned, the choice of the
mass determines the stiffness and vice versa.
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Area to Thickness Ratio and Low Frequency Dampers
It is important to select proper values of mass and stiffness in the design of a damper.
This can be seen by looking at the area to thickness ratio (Aft) of the damper. This is perhaps
the most important parameter in the practical design of the damper, since, as was mentioned
before and as will be shown, it controls the type of loading the damper receives and its stability.
The Aft ratio is proportional to the stiffness of the VE pad, and is related to the other
properties of the damper by the following two equations. These equations are derived from
Equation 3.17a for the stiffness of a VE material (Chapter 3) and Equation 6.1 :
~ = G' (Aft) = (6.2)
(6.3)
The importance of the Aft ratio is demonstrated by Case M1 from Table 6.1. For this
case, the damper mass is 400 kg, the natural frequency is 5.02 radls and the shear storage
modulus of the VE material is 517.0 N/cm2• These values result in an Aft ratio of 0.195 em.
Once the Aft ratio is determined, individual values of A and t can be obtained. In this case, the
400 kg mass is supported on an area of VE material which is just 16 cm2: this is equal to a
square of material which is just 4 cm on each side. The compressive stress which results is
2452.5 kPa. The thickness required for this small area is a total of 82 cm. Maintaining the
stability of such a configuration would be difficult. If the area is increased, the problem remains,
since the thickness must also increase in order to accommodate the increased area.
The example of Case M1 introduces another parameter which should be considered in
the design of mass dampers. The aspect ratio of the VE pad is equal to the pad's shortest edge
length divided by its thickness and can be expressed as a function of the Aft ratio for any given
damper shape~ The importance of the aspect ratio can be summarized as follows:
(1) The equations relating strain to energy dissipation are based on shear strain. By
requi.ring that the aspect ratio, and thus the Aft ratio, be greater than a certain limiting
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value, shear strain will be the primary mode of deformation and tensile and flexural
strains are minimized.
(2) If the Nt and aspect ratios are too small, a stability problem will develop. This is very
much akin to the problems which are faced in the design of elastomeric bridge bearings.
If the base is too small with respect tq_ the height, the bearing will buckle, or roll over on
itself. The same is true for the viscoelastic damping pads. Again, by requiring that the
aspect ratio be greater than a limiting value, these problems are prevented.
For the purpose of this research, it is assumed that by limiting the value of the aspect
ratio to 2, both these conditions will be met. This is based on experience with bridge bearings
and intuition, rather than on actual research and this limit is an area which should be studied
---further.
6.1.4 Damper Designs and Configurations
The Nt ratio and the aspect ratio are both geometric properties and each can be related
in terms of the other for any given damper shape or configuration. Figure 6.2 shows 2 different
possible.configurations for a VE passive mass damper. The first, shown in Figure 6.2a, is the
basic design which has already been described. The second, shown in Figure 6.2b, is a modified
design which is particularly useful for solving the Nt ratio problem just described.
The.basic design, as discussed previously, consists of a mass and a VE material pad.
For the purpose of this research, all damper pads are assumed to have a square base cross-
section. (This defines the relationship between Nt and the aspect ratio.) Based on this
assumption, a limiting aspect ratio of 2 for the damper pad, and Equation 3.32, the following
relationships can be developed:
Nt ~ 4t
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(6.4)
(6.5)
The problem illustrated by Case M1, where the area was very small and the thickness
was very high, is a problem associated with tuning dampers to low frequencies. To further
illustrate the problem, consider the following example. If first and second mode dampers were
to be designed as in Figure 6.2a using a VE material with G' =517 N/cm2, the results would be
as follows:
15t Mode: O)t = 5.0202 radls
G' = 517 N/cm2
t meters ~ (1.219 x 10-6 meterslkg) md
Aft = (4.875 x 10.6 meterslkg) md
2nd Mode: 0)2 = 14.1979 radls
G' = 517 N/cm2
t meters ~ (9.748 x 10-6 meterslkg) md
Aft = (3.899 x 10.5 meterslkg) md
(6.5)
(6.3)
(6.5)
(6.3)
With a mass of 2000 kg, the maximum thickness of the first mode damper would be
0.244 cm while the second mode damper would have a maximum thickness of 1.95 cm. Both
of these values are low, but it can be seen that as the frequency rises, the thicknesses increase
and eventually reach reasonable values.
If the limiting values for thickness are assumed and inserted in the equations for Aft
above, the first mode damper would have an area of 0.238 cm2 and the second mode damper
would have an area of 15.01 cm2• These areas are equivalent to square damper sections which
are 0.488 cm and 3.90 cm, respectively, on each side. These values, particularly those of the
first mode damper, are clearly not acceptable for use in an actual design.
The modified design shown in Figure 6.2b is intended to help alleviate these problems.
It solves the problem by doing two things. First, it takes a smaller area and spreads it out to the
four corners of the damper, thus allowing a smaller area to be used while still ensuring that the
loading is primarily in shear and that the damper is stable. Second, it uses steel plates, as
shown in the figure, to allow the overall thickness to be increased, thus changing an unstable
column of damper material into what amounts to a stack of shorter, more stable dampers,
separated by steel sheets. This type of damper was considered in this research, as shown in
Table 6.1.
For the modified damper design, the question of stability must be addressed on two
levels:
(1) First, the overall damper unit must be stable and must meet the limiting aspect ratio of
2. The aspect ratio here is that of the overall damper, and is calculated as the total base
width to the total height of the stack of small damper pads. (~ =Ltl)
(2) Second, the individual smaller pads used at the corners of the damper unit must be
stable and must also meet the aspect ratio limit of 2.
Together, these two control both the stability of the damper and the type of loading it
receives. There is some question as to whether an aspect ratio of 2 is adequate on the overall
level for preventing tensile/compressive stresses in the damper. This could be checked by
calculating the moment of inertia of the base cross-section, perpendicular to the equivalent static
earthquake load on the damper mass. Using this, the tensile stresses induced in the pads could
be calculated and compared with the shear stresses. This was not addressed by this research.
In addition to the limiting Alt ratio and aspect ratio, two other restrictions limit the area
and thickness used for a damper. The total thickness of the damper must be such that the shear
strains in the material are within its limits. For this research, the allowable shear strain was
assumed to be approximately 100%. This was the target value for design. Although strains
higher than this have been shown to be acceptable by other researchers, Lin, Liang, Zhang and
Soong (1988) consider this to be the optimum value for design. It should be noted that this value.
falls into the linear range, which is roughly between 20% and 150% (Aiken and Kelly, 1990).
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The other requirement relates to the minimum area allowed for the design. The allowable
compressive stress of the material must not be exceeded. This is an area which needs research
and one which was not considered in this research. The allowable stresses for elastomeric
bridge bearings help to give some insight into the limits on the compressive stress, but
elastomeric materials are different and the bridge bearing limits may not transfer well to this area.
Furthermore, it is not known how the compressive stress will effect the shearing action of the
damper and its ability to dissipate energy. A possible source of information on this could come
from research on seismic base isolators.
6.1.5 Feasibility of Designs Used in This Research
Even though the modified design of Figure 6.2b was considered in this research, there
was still difficulty in designing physically feasible first mode dampers. As shown in Table 6.1,
Cases M1 and M2 have, respectively, 2 cm square corner pads stacked to 82 cm and 1 cm
square corner pads st~cked to 41 cm. These values are not reasonable and were only used to
establish the trends which resulted when the properties were changed.
Cases M4, M5 and the first mode damper of Case M6 had marginal designs, in each
case because the areas of the corner pads were very small. Increasing the area was not a
workable solution, because that would have required acomparable increase in the thickness, and
the thickness was already between 25 cm and 36 cm.
The best first mode damper is the one used in Case M3 which employs a4000 kg mass,
has 5 cm square by 2.5 cm thick square pads at each corner and uses a stack of 20 pads for
a total height of about half a meter (1.64 tt). The mass used is approximately equivalent to a
block of concrete 4'x4'x4'. It should be noted that this case used the greatest mass and that as
the mass increases, the damper designs generally become more reasonable. The compressive
stress in. the damper would still need to be ver,ified before the design could be considered
acceptable.
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Aside from changing the configuration, one way to develop more feasible designs is to
change the material properties of the VE pads. This solution was not pursued in this research.
The essence of the problem is that the damper's stiffness properties are too high. The problem
could be prevented by choosing a material with more flexible properties (lower values for G'), so
that the area could be increased and the thickness reduced.
6.1.6 Alternate Approach Using Two-Mode Dampers
Another way of dealing with the problems associated with low frequency dampers is to
design dampers that reduce the response of more than one mode. Such a damper is shown in
Figure 6.3. This damper is essentially a 2-degree-of-freedom shear building. The equations
which describe its dynamic properties are as follows:
m1m20)14- ((k1 + ~)m2 + m1~)0)/ + ~~ = 0
m1m2~4 - ((k1+ ~)m2 + m1~)~2 + kl~ = 0
(6.8a)
(6.8b)
This system of non-linear equations can be solved for any two of the variables, providing
the other four values are assumed. As an example, assume that the masses are both 2000 kg
r.:---/
and that the frequencies of the system are the first and second natural frequencies of the
undamped primary prototype structure. The equations which result are:
(2.54064 x 109) - ((k1+ ~) 50,404.8) + k1~ = 0
(1.62538 X 1011 ) - ((~ +~) 403,160.8) + kl~ = 0
(6.9a)
(6.9b)
The solutions to these equations are shown in Figure 6.3 along with the design criteria
and parameters. Note particularly that, while the top pad's stiffness is less than the second mode
damper of Case M6, the bottom pad's stiffness is greater than that of the first mode damper.
Thus, there has been an improvement, since a stiffer damper with a higher Alt ratio is now used
to control the first mode. This improvement was reached without any attempts at optimization.
Although the design would still have to be studied for adequacy with respect to allowable
compressive stress and performance, it shows promise as an effective way of dealing with the
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Figure 6.3: SAMPLE 2-MODE DAMPER USING VISCOELASTIC MATERIALS:
Damps Out Modes 1 and 2 of the Primary Prototype
problems discussed here.
6.2 FIRST MODE PASSIVE MASS DAMPER STUDIES
The first five cases given in Table 6.1 considered the use of dampers tuned to the first
mode frequency of the primary prototype structure. The dampers were applied to the structure
and subjected to the EI Centro earthquake. The models were studied (1) to determine the overall
behavior of the structures using VE mass dampers, (2) to determine the effects of variation in the
number and position of the dampers and (3) to determine the effects of varying the mass used
in the damper.
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The damping ratios shown for Case M1 in Table 6.2 are typical of those obtained using
multiple VE passive mass dampers. The damping shown in the table is the damping added by
the damper, not including any damping which the structure h,s by itsel~. The modes of the
damped structure can be divided into three types: structural modes, damper modes and
combined modes. Figure 6.4 illustrates this with several of the modes for Case M1.
The first mode of Case M1 is a combined mode. A combined mode shows high levels
of response for both the structure and the dampers. In this case, the structure's maximum
deflection is 1.72", at the top floor, while the maximum damper mass deflection is13.26", that for
the damper mass located at the top floor. Note that for this mode the structure deflection is about
13% of the damper movement.
The second mode for Case M1 is a damper mode. As is shown in Figure 6.4, the
dampers move in a damper mode while the structure stays relatively stationary..The structure's
deflections are too small to show up in the figure. In contrast to the first mode, the structure's
deflection in the second mode is only O.~8% of that of the damper.
The third mode is also shown in the figure, and can also be seen to be a damper mode.
Note the displaced shape that-the dampers take; here they take the typical shape of a building's
third mode while for the second mode, the.dampers. take the displaced shape of a building's
second mode. Modes four through ten are also damper modes and show similar behavior.
The eleventh mode is a combined mode, similar to mode 1. The twelfth mode
demonstrates the behavior of a structural mode. When a damped structure deflects in a
structural mode, the opposite of a damper mode occurs. In the damper mode, the dampers
moved while the structure stayed still; in the structural mode, the structure deflects and leaves
the dampers in roughly their undeflected positions. The thirteenth through twentieth modes are
all structural modes and show the same progression of typical shapes as the damper modes.
In Table 6.2, the damping of the damper modes is shown in parentheses. It is shown
this way because these modes do not have a significant effect on the seismic response of the
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structure. Although the damper modes have high damping ratios, these modes seem to only
affect the dampers, and therefore, are relatively insignificant ,to this study. The significant
structural damping is concentrated in the 2 combined modes which are produced for each
different frequency to which a damper is tuned. All the first mode cases have two combined
modes while Case M6, which uses two differently tuned dampers, has four. The structural modes
provide no significant damping.
These results agree with the findings of Villaverde (1985). As discussed previously,
Villaverde (1985) indicated that the damping provided to astructural system made up of aprimary
structure and an added damping unit would be equal to the average of each component's
individual damping.
For the cases studied here, where both G' and Gil are constants, the damping of the
passive mass damper is 41.62%. Notice that the damper modes fully activate this damping, while
the damping of the combined modes are approximately equal to half this value, the average of
41 .62% and 0%.
6.2.1 Variation in Number and Position of Dampers
The added damping and overall seismic response of the structure to the EI Centro
earthquake was studied as the number of dampers and their positions were varied. Figure 6.5
plots the deflection, interstory drift, story base shear and story moment response for Case M1.
In the plot of deflection, note that the solid line indicates the deflections of the damped
structure and that the large dots indicate the deflected positions of the damper masses. In all
plots, the undamped structure's response is shown as adotted line. The shape of each of t~ese
curves is typical of the response for Cases M1 through M5, in which the mass dampers are tuned
to the first mode. Table 6.3 shows how close the maximum response values were for all'the
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Table 6.2: Added Damping with Variation In Number of Dampers
I 2% Total Structure Mass 111 % Total Struct. Mass I
Mode
10 3 1 10 1
Dampers Dampers Damper Dampers Damper
(M1) (M5) (M3) (M2) (M4)
1 19.35 18.72 17.52 19.78 19.35
2 (41.47) (41.52) 23.66 (41.53) 22.06
3 (41.56) (41.59) 0.31 (41.58) 0.15
4 (41.59) 22.78 0.07 (41.59) 0.04
5 (41.60) 0.14 0.02 (41.60) 0.01
6 (41.59) 0.04 0.01 (41.60) 0
7 (41.60) 0.02 0 (41.60) 0
8 (41.59) 0.01 0 (41.60) 0
9 (41.60) 0.01 0 (41.60) 0
10 (41.59) 0 0 (41.59) 0
11 22.24 0 0 21.82 0
12 0.13 0 - 0.07 -
13 0.03 0 - 0.02 -
14 0.01 - - 0.01 -
15 0.01 - - 0 -
16 - 20 0 - - 0 -
~I 4.68 II 4.52 II 4.50 II 4.78 ~ 4.63 I(rad/s) II (Compared with 5.02 for undamped structure)
cases. Comparison of the results in Table 4.2 and Table 6.3, and Figure 6.5 show the marked
improvement of the damped structure over the undamped structure.
Table 6.2 summarizes the added damping which was achieved for each case and Table
6.3 summarizes the maximum seismic response. As mentioned before, the total mass used for
the dampers on each structure was controlled so that comparisons could be made. On bothTable
6.2 and Table 6.3, the left side gives the results for the three cases studied where the total
\
damper mass was equal to 2% of the total structure mass and the right side gives the results for
the two cases where it was equal to 1%.
The fact that the damper modes fully activate the damping potential and yet seem to not
affect the overall response of the structure leads to the conclusion that using multiple dampers
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is inefficient and unnecessary. The extra dampers create only more damper modes. It can be
observed that, as discussed before, in the cases where 10 dampers were used, there are 9
damper modes and in the case where 3 dampers were used, there are 2 damper modes. Only
when a single damper was applied was there no damper mode, and therefore, it seems a more
efficient solution is to use a single damper, placed at the point of maximum deflection.
Since this study concentrates on the first mode response, it should be noted that this
generalization may not be true for other cases where the dampers are tuned to the second or
higher mode frequencies. It seems likely that multiple dampers are nec~sary to effectively
control the response of higher modes, as discussed in a later section. In addition, for multi-story
structures, a single damper may be too large to economically fabricate and install. For this case,
the results of this study show that several dampers can be as effective as a single damper in
controlling response in the first mode.
In each of the cases presented in Table 6.2, the damping provided in the first combined
mode (mode 1 for all cases) is less than that provided in the other combined mode (mode 11 for
Case M1, mode 4 for Case M5, etc.). The average of the damping of these two modes is close
to the value predicted by Villaverde (1985) for each case, but the values seem to be skewed in
favor of the second combined mode.
This skew given to the values predicted by Villaverde (1985) seems to be due to the fact
that the tuning of the dampers was not exact for each case. The fundamental frequencies of the
damped structures are compared with that of the undamped structure at the bottom of the table.
For the cases where the tuning is closest, the damping values for the combined modes are closer
than for those cases where the tuning is farther off. Notice that the frequency of the structure
decreased in every case.
Table 6.3, which shows the maximum responses for the models studied, shows that there
was no significant difference in response among the 5 cases. This result is consistent for
deflection, shear and moment. There is great variation in the shear and moment response of the
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Table 6.3: Maximum Response with Variation in Number of Dampers
Maximum I 2% Total Structure Mass I 1% Total Structure MassResponse
Type 10 Dampers 3 Dampers 1 Damper 10 Dampers 1 Damper
(Case M1) (Case M5) (Case M3) (Case M2) (Case M4)
Structure 3.266 in 3.256 in 3.225 in 3.324 in 3.265 inDeflection
Interstory 0.429 in 0.427 in 0.415 in 0.436 in 0.428 in
Drift (2nd floor) (2nd floor) (2nd floor) (2nd floor) (2nd floor)
Story Shear 87.37 k 86.80 k 84.19 k 88.75 k 86.86 k
Story 4263 k-ft 4243 k-ft 4217 k-ft 4333 k-ft 4261 k-ftMoment
Damper 4.808 in 4.687 in 4.530 in 4.952 in 4.819 inDeformation
Damper 0.2764 k 0.8921 k 2.671 k 0.1423 k 1.384 kShear
Damper 0.4533 k-ft 1.462 k-ft 4.381 k-ft 0.2334 k-ft 2.271 k-ftMoment
dampers but this is primarily a function of the stiffness of the dampers, since stiffer dampers will
result in higher shears and moments than flexible dampers for the same deformation. None ofthe
dampers exceeds the shear strain limit of 100%. The damper base shear can be used to
determine the requirements for fastening the dampers to the floor, and the moments could be
helpful in establishing the overall aspect ratio of the damper.
One important conclusion that can be drawn from the similarity in response of the
different damper systems is that a damper system design can easily satisfy the constraints of the
structure. For instance, if the floor of a building is unable to handle the weight or shear force
generated by a 4000 kg damper, the load could be spread out over several floors, similar to what
was done for Case M5, with similar results. Also for 3-dimensional structures where torsional
modes may be a problem, the mass from the damper could be spread out to several locations
on a floor in order to aid in the control of the torsional vibrations.
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6.2.2 Variation in Mass of Dampers
Research performed by Kaynia, Veneziano and Biggs (1981) concluded that the
effectiveness of a mass damper increases with increasing generalized mass ratio. This research
also found this to be true, but rather insignificant. The generalized mass ratio, m l{cjlt[MMn}, is
equal to m, the mass of one damper mass, when the modes are mass normalized, since the
denominator equals 1. Tables 6.4 and 6.5 show that although the damper effectiveness did
increase with the use of higher mass, the effect was not great.
The primary effect of increasing the mass seems to be that it disturbs the tuning of the
damper more as higher masses are used. Concentrating the mass in one location near the
location of maximum deflection in the mode seems to have a similar effect. In Table 6.4, it can
Table 6.4: Variation of Damper Mass for 10 and 1 Damper Cases
I 10 Dampers II 1 Damper I
Mode Case M1 Case M2 Case M3 Case M4
2% Total Mass 1% Total Mass 2% Total Mass 1% Total Mass
(400 kg each) (200 kg each) (4000 kg each) (2000 kg each)
1 19.35 19.78 17.52 19.35
2 (41.47) (41.53) 23.66 22.06
3 (41.56) (41.58) 0.31 0.15
4 (41.59) (41.59) 0.07 0.04
5 (41.60) (41.60) 0.02 0.01
6 (41.59) (41.60) 0.01 0
7 (41.60) (41.60) 0 0
8 (41.59) (41.60) 0 0
9 (41.60) (41.60) 0 0
10 (41.59) (41.59) 0 0
11 22.24 21.82 0 0
12 0.13 0.07 - -
13 0.03 0.02 - -
14 0.01 0.01 - -
15 0.01 0 - -
16 - 20 0 0 - -
Fundamental I 4.68 IJ 4.78 I] 4.50 ~ 4.63 IFrequency
(radls) 1\ (Compared with 5.02 for undamped .structure)
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Table 6.5: Response with Variation of Damper Mass for the 10 an~ 1 Damper Cases
I 10 Dampers II 1 Damper IMaximum
Response Case M1 Case M2 Case M3 Case M4
Type 2% Total Mass 1% Total Mass 2% Total Mass 1% Total Mass
(400 kg each) (200 kg each) (4000 kg each) (2000 kg each)
Structure 3.266 in 3.324 in 3.225 in 3.265 inDeflection
Interstory 0.429 in 0.436 in 0.415 in 0.428 in
Drift (2nd floor) (2nd floor) (2nd floor) (2nd floor)
Story Shear 87.37 k 88.75 k 84.19 k 86.86 k
Story
.4263 k-ft 4333 k-ft 4217 k-ft 4261 k-ftMoment
Damper 4.808 in 4.952 in 4.530 in 4.819 inDeformation
Damper 0.2764 k 0.1423 k 2.671 k 1.384 kShear
Damper 0.4533 k-ft 0.2334 k-ft 4.381 k-ft 2.271 k-ftMoment
be seen that the case whose fundamental frequency is furthest from that of the undamped
structure is Case M3, the case that used a single 4000 kg mass at the top of the structure. The
best case is Case M1, which used 10 dampers, one on each floor, each of which had a mass
of 200 kg.
Apparently the accuracy of tuning does not in itself control the response, since although
the tuning gets worse, the seismic response gets better. This can be seen by comparing Tables
6.4 and 6.5. Further investigation should focus on the relationship between the addition of mass
and its placement, and the resulting response. Design techniques for maintaining the frequency
tuning and considering the effect of damping on the damped frequency should also be studied.
An area which requires further research is the determination of the optimum damper
mass. The trend in the results presented here is that increasing mass produces decreased
response. In the case of viscoelastic diagonal dampers, however, it was shown that· by
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increasing the stiffness of the damper, the response only decreases up to apoint. Increasing the
mass beyond a certain point may have a similar effect.
6.3 MULTIPLE MODE DAMPING
The combined response of the undamped structure is dominated by the first mode, with
lesser contributions from the second and third modes. The last four or five modes contribute
virtually nothing to the combined response. This is not the case with most real structures which
are three-dimensional and may have torsional modes. While a single first mode damper placed
on the roof of the two-dimensional primary prototype structure is adequate to significantly reduce
response here, this will most likely not be the case for a three-dimensional structure. There are
several ways which the problem can be addressed, the following sections describe just two of
them.
6.3.1 Use of Varied Tuning of Multiple Dampers
Case 6 considered the use of two dampers on a structure tuned to different frequencies.
The dampers were tuned to the natural frequencies of the first two modes of the undamped
primary prototype structure. The first mode damper was placed on the roof, as was previously
done, and the second mode damper was placed on the 5th floor. The placement of the second
mode damper corresponds to the location of the maximum floor deflection in the undamped
structure for the second mode.
Figure 6.6 shows the deflections, interstory drifts, story shears and moments for Case
M6. The figure clearly shows that improvement is obtained by adding a second mode damper.
As in the earlier figures, the displacements of the damper masses are shown as large dots on
this plot. Comparison of these plots shows that the structure with both first and second mode
dampers has a more consistent response over the building's height, particularly for interstory drift
and shear.
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Figure 6.6: Seismic Response of Cases M6, M1 and the Undamped Prototype
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Table 6.6: Variation in Damping· 1st Mode Dampers vs. Multiple Mode Dampers
I 151 Mode Damper Only II 151 & 2nd Mode I
Mode Case M3 Case M4 Case M6
4000 kg Mass 2000 kg Mass 2000 kg Each
(2% Total) (1% Total) (1 % Total Each)
1 17.52 19.35 18.96.
2 23.66 22.06 22.47
3 0.31 0.15 18.76
4 0.07 0.04 22.76
5 0.02 0.01 0.05
6 0.01 0 0.12
7 0 0 0.04
8 0 0 0
9 0 0 0.03
10 0 0 0
11 0 0 0.02
12 - - 0
Fundamental I 4.50 II 4.63 II 4.62 IFrequency
(radls) (Compared with 5.02 for undamped structure)
The total mass of the dampers in Case M6 was equal to 2% of the total structure mass,
with the first mode damper having a mass of 1% of the total structure mass. This allows Case
M6 to be compared with both Case M3 and M4, since for the first comparison the total mass
used for the dampers is the same, and for the second comparison, the mass used for the first
mode damper is the same.
Tables 6.6 and 6.7 also compare these cases. It can be seen that the division of the
total 2% of the total mass between first and second mode dampers is more efficient use of the
same mass. For almost every maximum response, except the maximum story moment, there is
an improvement. Further investigation found that the story moment does improve, but it does so
at the upper floors, away from the maximum values. One significant change is in the location of
the maximum interstory drift, which moved from the second floor to the seventh.
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Figure 6.7: Maximum Response for Multiple Dampers
I 1st Mode Damper Only I
1sl &2nd Mode
Maximum D~mpers (Case M6)
Response Case M3 Case M4 1st Mode 2nd ModeType 4000 kg Mass 2000 kg Mass
(2% Total) (1% Total) Damper Damper
Structure 3.225 in 3.265 in 3.065 inDeflection
Interstory 0.415 in 0.428 in 0.381 in
Drift (2nd floor) (2nd floor) (7th floor)
Story Shear 84.19 k 86.86 k 63.24 k
Story 4217 k-ft 4261 k-ft 4255 k-ftMoment
Damper 4.530 in 4.819 in 4.612 in 0.6622 inDeformation
Damper 2.671 k 1.384 k 1.325 k 1.537 kShear
Damper 4.381 k-ft 2.271 k-ft 2.174 k- 2.521 k-ftMoment ft
In each case there are no damper modes. The damping provided to modes 1 and 2 of
the undamped structure is roughly the same for Case M6 as for Cases M3 and M4. The change
in fundamental frequency of the Case M6 model is most like the change of Case M4, which has
the same first mode damper mass.
The change in location of the maximum interstory drift from the second to seventh floor
demonstrates the possible need to use several dampers for each higher mode. The placement
of each damper was determined by the location of the relative maximum displacements for a
given mode. For the first mode, the maximum displacement was at the top of the structure and
one damper was placed there. For the second mode, however, as shown in Figure 4.3, there
are two relative maximums in the mode. Case M6 considered a second mode damper placed
at the lower of these two, at the fifth floor. The large second mode displacements at the top of
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the structure were not addressed and thus the maximum interstory drift shifted to a floor closer
to this position. Further research is necessary to determine if an additional second mode damper
at the top of the structure would reduce this interstory drift.
6.3.2 Use of Two-Mode Dampers
The two-mode damper which was discussed previously in Section 6.1.6, and is illustrated
in Figure 6.3, is a second alternative for controlling higher modes. A damper design for future
study is one which uses the two-mode damper on the top floor of the structure and a second
mode damper on the 5th floor. This model appears to have a good chance of minimizing the
response, based on the results of this research.
6.4 SUMMARY OF THE INVESTIGATION OF VE PASSIVE MASS DAMPERS
Based on the results presented here, it is clear that VE passive mass dampers have
great potential for being a versatile aid in seismic design and retrofit. This chapter attempted to
explain the general behavior of VE passive mass dampers, based on the analytical studies
performed, and to draw out many practical concerns regarding their design. The following
summarizes the conclusions of this chapter.
(1) VE passive mass dampers are effective for reducing seismic response. For Case M3,
which considered only first mode dampers, the dampers reduced the displacement
response of the undamped structure from 7.362 in. to 3.225 in., a reduction of 56%. The
dampers reduced the interstory drift of the structure from a maximum of 0.904 in. at the
seventh floor to 0.381 in. at the seventh floor, a reduction of 58%. Maximum story base
shear was reduced from 136.11 k to 84.19 k (a reduction of 38 %) and the maximum
story base moment was reduced from 9902.6 k-ft to 4217 k-ft (a reduction of 57 %).
(2) The addition of mUltiple dampers with the same frequency does not significantly improve
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response, but does allow design flexibility. The addition of multiple dampers with varying
frequencies, on the other hand, improves the overall response of the structure, as shown
by Case M6. When using multiple dampers, their position in the structure may prove to
be just as important as their physical properties. Position must be taken into
consideration because for higher modes, there is more than one relative maximum
displacement.
(3) The mass used in the dampers does not significantly affect the damping added to the
structure, or the overall seismic response reduction. There was evidence that response
was slightly improved for higher masses, but this effect was insignificant.
(4) The Alt ratios of the VE pads and the damper unit as a whole, were found to be
important in the design of VE passive mass damper systems. This is because the Aft
ratio is closely related to how the damper will behave under loading (i.e. shear strain or
other types of strain) and also indicates whether or not the damper is stable. High Alt
ratios are desireable over low Alt ratios. High Alt ratios result from dampers which have
large cross-sectional shear areas and small thicknesses.
(5) Dampers tuned to low frequencies, such as first mode dampers, must be given special
consideration due to their low Alt ratios. These dampers tend to be unstable and to load
the VE material in tension or bending rather than in shear. Three alternatives were
proposed to deal with this problem: (a) Use the modified design shown in Figure 6.2b,
(b) use two-mode dampers, or (c) use VE materials with properties different than those
considered here.
(6) It was shown that the accuracy of the frequency tuning was not critical to proper
performance of these dampers, and that the dampers tend to be "forgiving" in this regard.
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CHAPTER 7
COMPARISON OF DAMPING SYSTEMS
Both of the damping systems considered in this research proved to be very effective in
reducing the response of a structure to seismic loading. For the VE diagonal dampers, Case D1
gave the greatest reduction in response with respect to deflection and j~terstory drift. For story
base shear and story base moment, Case D4 gave the greatest improvement. For the VE
passive mass dampers, the best response reduction in all areas resulted when both the first and
second modes were damped in Case M6.
7.1 RESPONSE REDUCTION
Both systems produced similar reductions in response for the undamped structure in
terms of deflection and interstory drift. Table 7.1 compares the best results obtained for both
damping systems. Figure 7.1 shows graphically the difference in overall response between the
two VE damped cases and the undamped prototype structure.
In terms of story base shear anq story base moment, however, the mass dampers
performed much better than the diagonal dampers. The significant difference in shear and
moment response between the mass dampers and the diagonal dampers is the result of the
increased stiffness of the structure for the diagonally damped case. This is caused by the
,~.
addition of the diagonal dampers. Although a structure which is stiffer will typically have lower
deflections, it will be subjected to higher base shears and moments. In the case of the mass
dampers, the structure is not· stiffened, and therefore, base shears and moments are not
increased. As a result, the mass dampers outperform the diagonal dampers in this r~gard.
It should also be noted that there is a possiblity that the increase in structure stiffness
caused by VE diagonal dampers will actually cause the overall base shear and moment to be
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Figure 7.1: Comparison of Response for Mass Dampers and Diagonal Dampers
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higher than for the undamped structure. This was true for Cases D3 and D6. This result
indicates that caution must be taken in the design of a system of VE diagonal dampers.
Table 7.1: Comparison of Response and Damping for Mass Dampers and Diagonal
Dampers
Maximum Undamped VE Mass VE DiagonalResponse Structure Dampers DampersType (M6) (01 and 04)
Structure 7.362 in 3.065 in 2.974 inDeflection (D1 )
Interstory 0.904 in 0.381 in 0.341 in (01)
Drift (7th floor) (7th floor) (6th floor)
Story Shear 136.11 k 63.24 k 105.05 k (04)
Story 9902.6 k-ft 4255 k-ft 8356 k-ftMoment (D4)
7.2 DESIGN METHODS
The design of a system of VE passive mass dampers is in some ways asimpler process
than the design of asystem of VE diagonal dampers. This is because, in many cases, significant
reduction in response can be obtained by the addition of just a single first mode damper. The
difficulty in the design of VE passive mass dampers is in coming up with a feasible damper
configuration. Several possible methods for doing this were discussed in Chapter 6.
The design of a VE diagonal damper system is more systematized, however, than the
design of a system of VE passive mass dampers, and more research has been conducted by
previous investigators. Three methods for designing such a system were presented in Chapter
5. The main problem with these methods is that the design process is iterative, and could be
somewhat time-eonsuming. There is presently no systematic method for designing a system of
VE passive mass dampers.
Other considerations for design include the effects of damping systems on other parts
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of the structure. One advantage of diagonal dampers is that they do not exert the forces on a
structure that mass dampers do. This is especially true when compared with massive single
mass dampers. The position of the diagonal damper, however, in the wall of a structure can
cause problems, particularly in terms of architechture, since they restrict the placement of
windows and other openings. This position may also place the sensitive VE material close to the
outside of the structure, where temperature changes are more severe and are more likely to
affect the damping provided by the dampers. Mass dampers are more versatile, since one large
damper or several smaller dampers will give similar seismic response reduction.
One additional area of comparison relates to cost effectiveness. Viscoelastic materials
are specialty items, and therefore, rather expensive. The mass damper systems use far less of
this material to achieve similar results than do the diagonal damper systems. Although Cases
D1 and M6 provided similar reductions in top story deflection, the mass damped case, M6, used
only 1376 cm3 of VE material. The diagonally damped case, D1, used 68,819 cm3 • With only
about 2% of the VE material needed for the diagonal dampers, the mass dampers achieved
similar results.
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CHAPTER 8
CONCLUSIONS
The purpose of this research was to investigate the effectiveness of two systems which
increase the damping in a structure and improve its response to moderate earthquakes by using
the properties of viscoelastic materials. The two types of damper systems studied used (1) the
Viscoelastic Diagonal Damper and (2) the Viscoelastic Passive Mass Damper. The specific
objectives of the research were to (1) determine the effectiveness of the two systems, (2)
investigate the effect of various design parameters, and (3) investigate the findings of other
researchers.
In order to meet these objectives, analytical methods for determining the damping and
response reduction of each system were formulated. Chapter 3 contains these methods and also
responds to questions raised by Villaverde (1985) regarding mass dampers. This chapter also
presents information regarding the VE materials used in the dampers and how they affect the
results. Analytical models of the damping systems were applied to a prototype structure (the
undamped primary prototype structure) and tested to determine their effectiveness at reducing
the structure's response to the EI Centro earthquake ground motion. Chapter 4 describes the
design of the undamped structure. Seven different cases considered the structure with VE
diagonal dampers applied, and six different cases considered VE passive mass dampers. Design
parameters for each type of damper were varied to determine their impact on the effectiveness
of the damping system. Design methods for each type of damper were also investigated.
Cbapter 5 presents the design and response for the VE diagonal damped cases, and Chapter
6 presents the design and response for the VE passive mass damped cases. The following
sections summarize the findings regarding each type of damper.
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8.1 VISCOELASTIC DIAGONAL DAMPERS
The viscoelastic diagonal dampers tested in this research proved to be very effective at
reducing the deflection response and interstory drift of the prototype structure. For the best of"
the cases that were considered, the top story deflection was reduced by 60% and the maximum
interstory drift was reduced by 62%. These dampers did not do as well with story base shear
and moment, where the reductions were 20% and 13% respectively.
It was determined that the bracing system used to connect the dampers to a structure
is very important with regard to response reduction. Variations only in the bracing system
accounted for changes in realized damping ratios from 23.01 %(Case 01) down to 4.41 % (Case
03), and from 19.92% (Case 04) down to 3.67% (Case 06). This is an area which has been
neglected by previous research.
The thickness of the VE material used in the damper was observed to have an optimum
value. It was shown that if the thickness becomes too small, the dampers add too much stiffness
to the structure, and cause detrimental effects.
./
This research was unable to confirm the results of Zhang, Soong and Mahmoodi (1989).
The damping obtained in a correlation study was much lower than what they reported, possibly
due to the fact that their calculations ignored the vertical motion of the nodes in their models,
which was shown to overestimate the damping.
8.2 VISCOELASTIC PASSIVE MASS DAMPERS
The viscoelastic passive mass dampers considered in this research proved to be very
effective at reducing the response of the prototype structure. For the best of the cases that were
considered, the top story deflection of the structure was reduced by 56% and the interstory drift
was reduced by 58%. The mass dampers were much more effective at reducing story base
shear and moment than the diagonal dampers. The story base shear was reduced by 38%- and
the story base moment was reduced by 57%.
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The addition of multiple dampers with the same frequency was shown to not significantly
improve the response, although it does allow more flexibility in the design of asystem of dampers
for a particular structure. Also, the amount of mass used for the damper was shown not to have
a great impact on the overall response reduction of the structure. The damper mass was shown
to have an effect on the motion o(the damper, however.
Some problems were encountered in the design of low frequency, first mode dampers.
In general, these dampers are too tall with respect to their base area. This attribute was
described by the Alt ratio of the damper, and it was shown that low Alt ratios result in dampers
which are unstable and may subject the VE material to excessive bending. Two alternatives for
dealing with this problem were discussed.
It was also shown that the addition of higher mode dampers results in significant
improvement in the behavior of the structure.
8.3 RECOMMENDATIONS FOR FUTURE RESEARCH
Over the course of this research, many questions were raised that were not answered.
Some attempt was made to address those within the scope of this work, but many will require
extensive further research. The following list encompasses some of the many issues left
unresolved at the conclusion of this research.
(1) Villaverde (1985) raised important questions regarding the accuracy of modal
superposition when used for structures with mass dampers applied. Although the opinion
expressed here is that any error introduced will be relatively insignificant, this needs to
\.'
~"
be verified. This can be done by comparison with time~history analysis (step-by-step
analysis) or by comparison with Villaverde's method of complex mode analysis.
(2) Many topics remain to be investigated or clarified with respect. to VE material properties
and their effect on added damping and structural response. Some of these include:
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(a) What is the allowable shear strain?
(b) What are the stiffness and damping properties for tension and bending of a VE
material and could they be used in the design of damper systems?
(c) What is the allowable compressive stress for VE materials?
(d) What effect does a compressive loading have on the energy dissipation
properties of a VE material when the compression is applied normal to the
direction of the shear force?
(e) What effect does a compressive loading have on the stiffness of a VE material
when the compression is applied normal to the direction of the shear force.
(3) The step-by-step analytical approach discussed in Chapter 3, which used the shear loss
modulus, Gil, of the VE material to devise damping coefficients, Cd' needs further study.
(4) Damping systems and modelling techniques should be tested for various structures and
various earthquake ground motions to determine whether the results presented here are
dependent on these factors. More complicated and realistic structures need to be
analyzed to expand knowledge about the capabilities of damping systems to reduce the
response when torsional and other more complicated modes of response are present.
(5) The design methods presented should be verified by experimental testing to verify their
ability to produce good results.
(6) The undesirable effects of stiffening the structure by the addition of diagonal dampers
should be investigated further. This research considered only the effects of decreased
thickness; the effects of increased area should also be considered, and an evaluation of
the extent of these effects should be undertaken.
. .(7) Further research on the design of the bracing used in VE diagonal damping systems and
on the optimization of both the bracing and the damper is needed.
(8) The effectiveness of VE diagonal damping and passive mass damping systems for non-
linear structural response should be evaluated.
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(9) Design methods for VE passive mass damping systems should be developed. Design
studies are needed to develop mass damper configurations which maximize stability and
minimize compressive stress, while maintaining frequency tuning and producing primarily
shear deformation in the dampers.
(10) The use of VE passive mass dampers for controlling several modes needs additional
study. The usefulness of the two-mode combination damper should be investigated.
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APPENDIX
The following gives a description of each spreadsheet used for this research. Samples
of the spreadsheets are shown in the figures following these descriptions.
SPREADSHEET D1: DAMPER CHANGE AND DISPLACEMENT -This spreadsheet was
used with the viscoelastic diagonal dampers, to calculate the maximum modal response from the
mode shapes given by FACTS. The tabular section of the spreadsheet takes input from FACTS
in the form of mode shapes on the left and calculates the diagonal deformation, the damper
deformation and the lateral displacment. Other input includes the spectral displacement at the
top and the f3 factor (ratio of total k to damper k). The participation factor (GAM, or r) is
calculated from the mode shapes and appears at the top of each section. (Figure A1)
SPREADSHEET D2: CALCULATION OF DAMPING - This spreadsheet takes the mode
shapes, damper thicknesses and natural frequencies as input and calculates the damping ratio
added to the structure by the viscoelastic diagonal dampers. (Figure A2)
SPREADSHEET D3: DISPLACEMENTS AND REACTIONS -This spreadsheet takes the
mode shapes, spectral displacements and natural frequencies as input and calculates the
participation factor, lateral displacement, equivalent lateral force, story base shear and story base
moment. The fact that the participation factor and lateral displacements are calculated both here
and on Spreadsheet D1 allowed the input of these formulas to be checked. (Figure A3)
SPREADSHEET D4: COMPLETE QUADRATIC COMBINATION - The individual
response for each mode was entered into the tabular portion of this spreadsheet under Rm, and
the total CQC response was calculated. Other input included the natural frequencies and
damping ratios. Note that the damping ratios used here include those calculated by Spreadsheet
D2 plus 2% damping provided by the structure itself. (Figure A4)
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CALCULATION OF RESPONSE SPECTRA VALUES - This spreadsheet was set up as
a result of the difficulty faced in locating response spectra which included damping ratios as high
as those obtained for the damped structures studied in this research. The method used here is
based on a numerical method set o_ut by Paz (1991). The figure shows the input/output section
of the spreadsheet at the top, followed by a portion of the "calculations" section. The elapsed
time and ground acceleration on the left side of this section are the record from the EI Centro
earthquake of 1940. The other variables given there are defined in Paz (1991). (Figure AS)
SPREADSHEET Z1: COMPARISON OF MODE SHAPES WITH ZHANG ET AL. - This
spreadsheet compares scaled values of the damper deformations calculated by several methods
with the results reported by Zhang et al. (1989). The modal values of diagonal/damper change
calculated here are scaled so that they match Zhang et ai's 5th floor deformation. The mode
shapes are·input in the upper left corner of the table. The diagonal and damper changes are
calculated in the upper right, and lower left corners of the table. The "Jester-Sause Model" refers
to the model constructed for this research, as described in Chapter 4 on prototype structures.
Damper change due to interstory drift is based on the model which neglects the vertical motion
and rotation of the nodes, as described preViously in this chapter. (Figure A6)
SPREADSHEET Z2: CALCULATION OF DAMPING FOR ZHANG ET AL. COMPo - This
spreadsheet is the same as D2, and is used in the same way. (Figure A7)
SPREADSHEET M1: CALCULATIONS FOR MASS DAMPERS - This spreadsheet
performs the calculations necessary to go from mode shapes to actual maximum displacements
for the mass dampers. The participation factor (GAMMA) and damping ratio (XI) are calculated
based on the input natural frequencies and mode shapes, and the spectral displacements are
input from the response spectra spreadsheet. This spreadsheet is less formalized than the others
because it had to be changed more, due to the variation in numbers of modes for the different
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cases (anywhere from 11 to 20). It was a little easier to work with, though, because data was
input directly from FACTS output. (Figures A8 and A9)
SPREADSHEET M2: DISPLACEMENTS AND REACTIONS - This is essentially the
same as Spreadsheet 03, except that it calculates the shear and moment at the base of each
damper as well as at the base of each story. The shears and moments at the base of the
dampers were calculated based on equilibrium and the forces determined using Equation 3.13b.
These were compared with the shears and moments calculated from the stiffness of the damper
and the maximum displacement and they were found to be roughly equal. (Figure A10)
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DEPARTMENT OF CML ENGINEERING
LEHIGH UNIVERSrTY
STRUcnJRE:_Case 01
GAM 394.49
Sd: 2.1499 inches
SPREADSHEET 01:
DAMPER CHANGE & DISPlACEMENT
MODE: _
Left·Hand Modal Jester Jester
Node Displacements -5aIJse Ratio of -sause
Modal Total k Modal l..a.leraJ
Floor Diagonal to IJanller Dlsp.
X(Left) Y(Left) Change ~k Change On.)
10 3.524E.Q3 1.644E4i 6.198E~ 1.0000 6.198E~ 2.99
9 3253E.Q3 1.629E4i 1.204E~ 1.0000 1.204E~ 2.76
8 2.918E.Q3 1.572E4i 1.607E~ 1.0000 1.607E~ 2.47
7 2.544E.Q3 1.495E4i 2.057E~ 1.0000 2.057E~ 2.16
6 2.130E.Q3 1.364E4i 2.147E~ 1.0000 2.147E~ 1.81
5 1.722E.Q3 1.222E4i 2.263E~ 1.0000 2.263E~ 1.46
4 1.321E.Q3 1.025E4i 2.356E~ 1.0000 2.356E~ 1.12
~ 9.337E4i 8.172E-<l5 2.501E~ 1.0000 2.501E~ 0.79
2 5.578E~ 5.581E-<l5 2.458E~ 1.0000 2.458E~ 0.47
1 2.1seE~ 2.99OE-<l5 1.714E~ 1.0000 1.714E~ 0.19
STRUcnJRE:_Case 01
GAM 174.93
Sd: 0.3194 inches
MODE: ,2
Left-Hand Modal Jester Jester
Node Dlsplacements -sause Ratio of -sause
Modal Total k Modal I.at8raI
Floor Diagonal to Dan1* Dlsp.
X(left) Y(l.sft) Change Oa/11)Brk Change On.)
10 -3.183E-03 -4.469E4i 5.159E004 1.0000 5.159E~ {).178
~ .2.045E-Q3 -4.342E4i 8.508E-04 1.0000 8.508E004 {).114-5.5OOE004 -3.897E{)4 8.723E~ 1.0000 8.723E-04 {).031
7 9.111Eo04 -3.368E{)4 7.413E~ 1.0000 7.413E~ 0.051
6 2.14OE-Q3 .2.S96E{)4 3.773E004 1.0000 3.773E-04 0.120
5 2.855E-Q3 ·1.916E{)4 2.434E-05 1.0000 2.434E-05 0.160
~ 3.015E-Q3 ·1.191E{)4 3.975E-04 1.0000 3.97SE-04 0.168~ 2.SS2E-Q3 -6.541 E-<l5 7.294E004 1.0000 7.294E~ 0.1491.883E-Q3 .2.37eE-Q5 9.139E-04 1.0000 9.139E004 0.104
1 8.111E-04 -4.~~ 8.gei6E-04 1.0000 8.958E004 0.045
Figure A1 Spreadsheet D1
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DEPARTMENT OF CIVIL ENGINEERING
l...EHIGH UNIVERSITY
STRUCTURE:_Case Dl
D4AGONAL. ASSUMPTION:_JesIer-Sause Model
SPREADSHEET 02:
CAlCULATION OF DAMP~
::!l
co
c
..,
(1)
»
I\)
-.&. (j)
-.&.
"'0
I\) ..,~
:T
~
0
I\)
Disp. VE
by Model Mode 2 Mode 3 Moda4 Mode 5 Moda6 Mode 7 Mode 6 Moda9 Mode 10 Mal.
Floor Thick-
lavel (an)
10 6.196E~ 5.159E-Q4 1.57'9E-OO 2.639E-{)3 3.864E-OO 4.378E-OO 2.54
9 1204E-Q4 6.506E-Q4 1.904E-OO 1.503E-{)3 6.597E-Q4 4.004E-{)3 2.54
8 1.607E-Q4 8.723E-Q4 7.892E-04 1.617E-{)3 3.765E-OO 1.7042E-{)3 2.54
7 2.057E-04 7.o413E-Q4 7287E-04 2.963E-{)3 5.006E-Q4 3.710E-{)3 2.54
6 2.1047E-04 3.773E-Q4 1.661E-OO 1.185E-{)3 2.952E-{)3 2.606E-Q4 254
5 2.263E-04 2.434E-ai 1.725E-OO 1.348E-{)3 1.533E-{)3 3.516E-{)3 2.54
4 2.356E-04 3.975E-Q4 9.785E-04 22047E-{)3 1.945E-{)3 2.591E-Q4 2.54
3 2.501 E-04 7.294E-Q4 1.528E-04 1.112E-{)3 2.593E-{)3 3.092E-{)3 2.54
2 2.456E-04 9.139E-Q4 1.151E-OO 9.875E-Q4 2.615E-Q4 6.029E-Q4 2.54
1 1.714E-04 6.956E-Q4 1.1o42E-OO 1.567E-{)3 1.847E-{)3 1.991E-{)3 2.54
w'2 53 495 1656 3346 5700 6545 -
(Xi) 17.00 20.66 23.01 23.01 21.n 21.06 -
DEPARTMENT OF CIVIL ENGINEERING
LEHIGH UNIVERSITY
STRUCTURE: _Case 01
GAM: 394.49
Sd: 2.1499 ird1es
w1\2: 52.86 (racVs)1\2
SPREADSHEET 03:
DISPLACEMENTS ANIJ REACTION
MODE:
----
Story SIOlY
Phi Lateral Lateral Base Base
Floor (Horizontal) Disp. Force Shear Moment
On.) (Kips) (Kips) (k-It)
10 3.524E-03 2.99 18.58 18.58 223.01
19 3253E-03 2.76 17.16 35.74 651.88
8 2.918E-03 2.47 15.39 51.13 1265.42
7 2.544E-03 2.16 13.42 64.54 2039.94
6 2.130E-03 1.81 11.23 75.78 2949.26
5 1.722E-03 1.46 9.08 84.86 3967.56
4 1.321 E-03 1.12 6.97 91.82 5069.45
3 9.337E~ 0.79 4.92 96.75 6230.43
2 5.578E~ 0.47 2.94 99.69 7426.71
1 2.186E~ 0.19 1.15 100.84 8836.82
STRUCTURE:_Case 01
GAM 174.93
Sd: 0.3194 inches
w'2: 494.66 (racVs)1\2
MODE: ---'2
Story Story
Phi LatsraJ Lateral Base Base
Floor (Horizontal) Dlsp. Force Shear Moment
Qn.) (~) (KIps) (k-ft)
10 -3.1~ ~.178 -10.35 -10.35 -124.17
19 -2.04SE-03 ~.114 -6.65 -17.00 -328.11
8 -5.500E-04 ~.031 -1.79 -18.78 -553.51
7 9.1111:-04 0.051 2.96 -15.82 -743.37
~ 2.14OE-03 0.120 6.96 -8.88 -849.75
5 2.855E{l3 0.160 9.28 0.42 -844.75~ 3.015E{l3 0.168 9.80 10.22 -722.14
3 2.662E{l3 0.149 8.65 18.87 495.68
2 1.863E{l3 0.104 6.06 24.93 -196.55
1 8.111E~ 0.045 2.64 27.56 13423
Figure A3 Spreadsheet 03
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SPREADSHEET 04: COMPlETE QUADRATIC COMStlATlON OFMOO~ RESPONSE FOR CASE 01
FlOOR DER.EC.!NTST.OR.
(IN) (IN)
10 2.9773 0227
9 2.~ 0.039
8 2.7118 0.178
7 2.5337 0.213
8 2.3205 0.232
5 2.08ll5 0.257
4 1.8312 0.290
3 1.5412 0.349
2 1.1924 O.44e
1 0.7471 0.747
1an (TOP) FlOOR RESPONSE CALCU.AllON:
22.241 022118 .0.178 .0.0531 0.0317 .o.ooUI 0.0002 .0.ססOO 0.ססOO
40.7132 0.2Sl1 0.02S2 0.0029 .0.0018 O.OClOll .o.OQ01 0.ססOO .0.ססoo
57.8485 0.2Sl1 .0.0074 .o.llOO5 0.0002 .o.OQ01 0.0001 .0.ססoo 0.ססOO
78.02S ozrrr 0.0028 0.0001 .0.ססOO 0.ססOO .0.ססoo 0.ססOO .0.ססOO
92.438ll 02308 .0.0013 .0.ססOO 0.ססOO .0.ססoo 0.ססOO .0.ססoo 0.ססOO
9Ih FlOOR RESPONSE e.tU:llATlON:
w(I)
~ 0.19 0..2268 O~ O~ ozrrr 02308
R~ 2.78 .0.114 0.005ll O.OCl3 .0.0032 0.0024
.1 1
22.241 O.zlllll .Q.114 .0.0315 0.0130 .0.0002 .0.0001 0.ססOO .0.ססoo
40.7132 O.2!O1 0.0055 O.oooe .0.0002 0.ססoo 0.ססOO .0.ססOO 0.ססOO
57.848ll O.2!O1 O.OCl3O 0.0002 .0.0001 0.ססOO 0.ססoo .0.ססOO 0.ססOO
78.02S 02ST7 .o.0Q32 .0.0001 0.ססOO .0.ססoo .0.ססoo 0.ססoo .0.ססoo
92.43ll8 O.2!Oll 0.0024 0.0001 .0.ססOO 0.ססOO 0.ססOO .0.ססoo 0.ססOO
Figure A4 Spreadsheet 04
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CALCULATION OF RESPONSE SPECTRA VALUES
EI Centro Earthquake, 1940
Ground Acceleration Record
By Timothy P. Jester, May 1992
CASE: 01 - First Diagonal Damper Case
INPUT: Modal Damping Ratio = 0.19
Modal Nat Frequency = 7.27r£J radlsec
OUTPUT: Spectral Displacement, Sd:3 2.149872 in
Spectral Pseudo-velocity, Sv = 15.63129 irv'sec
Spect. Pseudo-acceleration, Sa = 113.652 irv'S"2
Elapsed Ground
lime AcceI.
(sec) (irv's"2)
yi y'i y"i Ai Ci
o 0
0.02 ~.55118
0.04 4.33071
0.06 4.05512
0.08 -3.54331
0.1 -3.8189
0.12 4.80315
0.14 -5.70866
0.16 -5.15748
0.18 4.40945
0.2 -3.4252
0.000 0 0 1 ~.027 0.0272
0.000 0.005402 0.~1 4 ~.176 0.1764
0.000 0.05275 4.158698 -0 0.096 ~.0950
0.002 0.130135 3.571583 ~.48408 0.102008 ~.0997
0.006 0.19302 2.713682 0.260657 0.053403 ~.0478
0.010 0.246336 2.609518 0.930919 0.023586 ~.0136
0.015 0.304026 3.144374 0.856445 0.04E097 ~.0306
0.022 0.370717 3.509571 ~.52131 0.135233 ~.1130
0.030 0.42952 2.370874 ~.7075 0.134537 ~.1043
0.039 0.463706 1.053868 ~.93092 0.132064 ~.0928
0.049 0.469687 ~.44298 0 0.064792 ~.0162
Figure A5 Calculation of Response Spectra Values
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DEPARTMENT OF CIVIL ENGINEERING SPREADSHEET Z1: COMPARISON
LEHIGH UNIVERSITY --OF MODE SHAPES W11l-i ZHANG ET AL
STRUCTURE: _Case Z1 MODE: _
Modal Node Displacements Jester Ratio of
-sause Interstory Total k
Floo Diagonal Drift to
X(Left) Y(Left) X{Right) Y{Right) Change (ISO) Damperk
10 3.516E.Q3 1.641 E-Q4 3.516E.Q3 -1.64E-Q4 3.749E{)5 2.420E-Q4 1.0000
9 3.274E{)3 1.626E-Q4 3.274E{)3 -1.63E-Q4 1.199E-Q4 3.340E-Q4 1.0000
8 2.940E{)3 1.568E-Q4 2.940E.Q3 -1.57E-Q4 1.671E-Q4 3.810E-Q4 1.0000
7 2.559E.Q3 1.492E-Q4 2.559E.Q3 -1.49E-Q4 2.129E-Q4 4.220E-Q4 1.0000
6 2.137E{)3 1.360E-Q4 2.137E{)3 -1.36E-Q4 ~.228E-Q4 4.170E-Q4 1.0000
5 1.720E{)3 1.220E-Q4 1.720E{)3 -1.22E-Q4 2.556E-Q4 4.350E-Q4 1.0000
4 1.285E{)3 1.024E-Q4 1.285E{)3 -1.02E-Q4 ~.625E-Q4 4.187E-Q4 1.0000
3 8.663E-Q4 8.181E.Q5 8.663E-Q4 -a.18E{)5 ~.502E-Q4 3.763E-Q4 1.0000
2 4.900E-Q4 5.611E.Q5 4.900E-Q4 -5.61E{)5 2.296E-Q4 3.208E-Q4 1.0000
1 1.692E-Q4 3.014E.Q5 1.692E-Q4 ·3.01E{)5 1.290E-Q4 1.692E-Q4 1.0000
0 0 0 0 0
ModaJ Displacement Values Comparison of Scaled Values
Zhang
Jester Total Damper Values
-sause Diagonal Change for Percent Percent Percent
Roo Model Charge ciJe to Damper Error Error Error
Diagonal due to ISO ISO Def. (A) (B) (C)
C~ eBl (Cl (em)
10 3.749E{)5 2.069E-Q4 2.069E-Q4 1.2392 -67.4 23.5 23.5
9 1.199E.-Q4 2.856E-Q4 2.856E.-Q4 2.286 -43.5 -7.6 -7.6
8 1.671E-Q4 3.258E-Q4 3.258E-Q4 2.7432 -34.4 -12.2 -12.2
7 2.129E-Q4 3.608E.-Q4 3.6alE.-Q4 3.302 -30.6 -19.2 -19.2
6 2.228E-Q4 3.565E-Q4 3.565E.-Q4 2.9438 ·18.6 -10.4 -10.4
5 2.556E.{)4 3.719E-Q4 3.719E.-Q4 2.75Ce 0.0 0.0 0.0
4 2.625E.-Q4 3.580E.-Q4 3.580E.-Q4 2.6584 6.3 {).4 {).4
3 2.502E-Q4 3.217E.-Q4 3217E-Q4 2.7305 -1.4 -12.9 -12.9
2 2.296E.{)4 2.743E-Q4 2.743E.-Q4 2.4272 1.8 -16.4 -16.4
1 1.290E.{)4 1.447E-Q4 1.447E.-Q4 1.4572 -4.7 -26.6 -26.6
Figure A6 : Spreadsheet Z1
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DEPARTMENT Of' CIVIL ENGINEERING
LEHIGH UNlVERSI1Y
STRUCTURE:_Gase Z1
DlAGONAl ASSt..IMPTION:__A
'-,
(DispIacemerlIs Are From Spreadsheet Z1)
SPREADSHEET Z2: CALCUlATION
Of' DAMPN3 FOR ZHANG ET AI..
COMPARISON
"<0'e
..,
CD
»
"-J
-fq
~
..,
CD
~ ~
"-J Ul
::r
~
~
Disp. VE
by Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 Model Mode a Mode 9 Mode 10 Mal.
Floor Thid<..
l.llYeI (em)
10 3.749E~ 3,159E-04 a.745E-04 1.2ll4E-03 2.407E-03 3.596E-03 1.27
9 1.199E-04 8.869E-04 1.965E-03 2.463E-03 9.643E-04 2.045E-OO 254
a 1.671E-04 9.513E-04 9.841E-04 1.1BOE-03 3.996E-ill o4.115E-03 2.54
7 2.129E-04 7.973E-04 6.5B3E-04 3.267E-ill 1.636E-ill 3.05BE-OO 2.54
6 2.22BE-04 3.85OE-04 1.731E-03 1.599E-03 2.BBOE-ill 1.446E-OO 2.54
5 2.556E-04 7.742E~ 1.989E-03 U12E-03 2.072E-ill 3.951E-OO 3.30
4 2.625E-04 5.027E-04 1.061E-03 2.494E-03 2.32OE-ill o4.895E-04 3.30
3 2.5Q2E-04 7.955E-04 3.223E-04 9.411E-04 2.747E-ill 3.223E-03 2.54
2 2.296E-04 9.126E-04 1.299E-03 1.196E-03 5.455E-04 3274E-04 2.54
1 1.29OE-04 5.54OE-04 9.894E-04 1.344E-03 1.742E-ill 1.932E-OO ~ 1.27
w"2 52 509 1696 3484 6206 9237 -
(Xi) 17.45 22.35 23.61 23.88 22.49 22.01 -
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Figure A8 Spreadsheet M1 (a)
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Figure A9 Spreadsheet M1(b)
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Figure A10: Spreadsheet M2
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Timothy Paul Jester was born in 1966 and was raised on Long Island, New York. He attended
Polytechnic University at Farmingdale, New York, for Civil Engineering. While there, he was a
student member of the American Society of Civil Engineers and was made president of the Chi
Epsilon Civil Engineering honor fraternity. He graduated in 1989 with a B.S.C.E. and went to
work for a local consulting engineering firm doing bridge design.
In 1990, he left that firm to come to Lehigh University in Bethlehem, PA. to work towards a
Master's Degree in Structural Engineering. While there, he was an assistant and technician in
the Fritz Civil Engineering Laboratory, where he worked in industrial testing and academic
research. He will graduate in October 1992 with an M.S.C.E., specializing in structures.
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